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1.  INTRODUCTION  -  STATEMENT  OF  THE  PROBLEM 
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ABSTRACT 


The  principal  purpose  of  the  research  is  to  investigate  the  linear  and  non-linear  laser  interaction 
with  small  aerosols  and  solid  particles.  Experimental  work  is  devoted  to  excimer  laser  beam 
interaction  at  A  =  248  nm  with  small  droplets  of  water,  methanol,  and  fog  oil  at  irradiances  up  to 
i  200  GWatts/cm^.  Also  of  interest  in  this  research  is  the  interactions  with  solid  particles  including 

AI2O3,  SiC,  glass  spheres,  A1  spheres,  CaFa  and  W  particles  at  both  atmospheric  and  reduced 
pressures.  Special  attention  is  ^ven  to  understanding  the  dynamics  of  the  interaction  processes  by 
using  a  fast  streak  camera  and  excimer  laser  imaging  at  A  =  193  nm. 

Jointly  with  the  experimental  work  is  the  problem  of  understanding  the  electromagnetic  in¬ 
teraction  of  focused  laser  beams  with  matter.  Emphasis  is  given  to  developing  computer  codes 
to  calculate  internal  and  near  electromagnetic  fields  for  plane/focused  laser  beams  incident  upon 
spheres. 

Another  phase  of  this  investigation  is  devoted  to  theoretical  modeling  the  laser  imaging  system 
used  to  obtain  nanosecond  time  scale  shadow  images  of  exploding  droplets.  In  addition,  theoretical 
models  for  both  polarized  and  unpolarized  particle  thermometry  are  developed. 
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2.  SUMMARY  OF  RESULTS 


During  the  period  of  this  contract  the  principal  investigator  along  with  the  co-principal  inves- 
i  tigator  submitted  twenty-eight  manuscripts  for  publication  in  Scientific/Technical  Journals,  pre¬ 

sented  seventeen  conference  papers  and  submitted  six  semi-annual  reports.  In  addition,  research 
leading  to  three  M.S.  Theses  and  one  Ph.D.  Dissertation  was  supported  by  this  contract.  Three 
additional  M.S.  Theses  and  two  Ph.D.  Dissertations  are  in  progress,  which  have  been  supported 
I  by  this  contract.  (See  Sections  4  and  6  for  detailed  lists.) 

A  summary  of  the  results  of  this  research  are  presented  in  the  following  abstracts  of  refereed 
papers,  conference  proceedings,  dissertations,  and  theses. 

,  Internal  and  near-surface  electromagnetic  fields  for  a  spherical  particle 

irradiated  by  a  focused  laser  beam 

J.  P.  Barton,  D.  R.  Alexander,  and  S.  A.  Schaub 

Laboratory  for  Electro-Optical  Measurements.  College  of  Engineering  and  Technology, 

University  of  Sebraska-Lincoln,  Lincoln,  .Nebraska  685S8-0S25 

(Received  17  February  1988;  accepted  for  publication  6  May  1988) 

Theoretical  expressions  for  the  internal  and  external  electromagnetic  fields  for  an  arbitrary 
electromagnetic  beam  incident  upon  a  homogeneous  spherical  particle  are  derived,  and 
numerical  calculations  based  upon  this  theoretical  development  are  presented.  In  particular, 
spatial  distributions  of  the  internal  and  near-surface  electric  field  magnitude  (source  function) 
for  a  focused  fundamental  (TEM,k,  mode)  Gaussian  beam  of  1 .06 /um  wavelength  and  4  /jm 
beam  waist  diameter  incident  upon  a  5-^m-diam  water  droplet  in  air  are  presented  as  a 
function  of  the  location  of  the  beam  focal  point  relative  to  the  sphere  center.  The  calculations 
indicate  that  the  internal  and  near-surface  electric  field  magnitude  distribution  can  be  strongly 
dependent  upon  relative  focal  point  positioning  and  may  differ  significantly  from  the 
corresponding  electric  field  magnitude  distribution  expected  from  plane-wave  irradiation. 


Internal  fields  of  a  spherical  particle  illuminated  by  a  tightly  focused  laser 
beam:  Focal  point  positioning  effects  at  resonance 

J.  P.  Barton,  D.  R.  Alexander,  and  S.  A  Schaub 

Center  for  Electro-Optics,  College  of  Engineering,  University  of  Sebraska-Lincoln, 

Lincoln.  Sebraska  685SS-0525 

(Received  16  September  1988;  accepted  for  publication  16  December  1988) 

The  spherical  particle/arbitrary  beam  interaction  theory  developed  in  an  earlier  paper  is  used 
to  investigate  the  dependence  of  structural  resonance  behavior  on  focal  point  positioning  for  a 
spherical  particle  illuminated  by  a  tightly  focused  (beam  diameter  less  than  sphere  diameter), 
linearly  polarized,  Gaussian-profiled  laser  beam.  Calculations  of  absorption  efficiency  and 
distributions  of  normalized  source  function  (electric  field  magnitude)  are  presented  as  a 
function  of  focal  point  positioning  for  a  particle  with  a  complex  relative  index  of  refraction  of 
n  s  1.33  S.Ox  10~^' and  a  size  parameter  of  as29.5  at  both  nonresonance  and  resonance 
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conditions.  The  results  of  the  calculations  indicate  that  structural  resonances  are  not  excited 
during  the  on-center  focal  point  positioning  of  such  a  tightly  focused  beam  but  structural 
resonances  can  be  excited  by  proper  on-edge  focal  point  positioning.  Electric  wave  resonances 
were  found  to  be  excited  by  moving  the  focal  point  from  on-center  towards  the  edge  of  the 
sphere  parallel  to  the  direction  of  the  incident  beam  electric  field  polarization.  Magnetic  wave 
resonances  were  found  to  be  excited  by  moving  the  focal  point  from  on-center  towards  the  edge 
of  the  sphere  perpendicular  to  the  direction  of  the  incident  beam  electric  field  polarization. 


Reprinted  from  Applied  Optics 

Focused  laser  beam  interactions  with  methanol  droplets: 
effects  of  relative  beam  diameter 


Scott  A.  Schaub,  Dennis  R.  Alexander,  John  P.  Barton,  and  Mark  A.  Emanuel 


The  effect  of  the  local  diameter  of  a  focused  CO;  laser  beam  on  calculated  internal  source  function  distribu¬ 
tions  and  experimentally  obsers'ed  explosive  characteristics  is  examined  for  165-Mm  spherical  methanol 
droplets.  Experimental  results  show  that  the  location  and  the  characteristics  of  the  explosive  process  change 
as  the  droplet  is  moved  out  of  the  laser  focal  point  along  the  axis  of  propagation.  Theoretical  calculations 
indicate  that,  when  the  beam  diameter  is  of  the  same  order  of  magnitude  as  the  droplet  diameter,  a 
modification  of  Mie  theory,  accounting  for  the  finite  beam  size  of  the  laser,  is  necessary  to  provide  results 
which  are  consistent  with  experimental  observations. 


Theoretical  model  for  the  image  formed  by  a  spherical 
particle  in  a  coherent  imaging  system:  comparison 
to  experiment 


S.  A.  Schaub 

D.  R.  Alexander,  member  spie 
J.  P.  Barton 

University  of  Nebraska-Lincoln 
Center  for  Electro-Optics 
Lincoln,  Nebraska  68588-0525 


Abstract.  A  simple  theoretical  model  is  presented  that  allows  calculation 
of  the  image  produced  by  a  spherical  absorbing  particle  illuminated  by 
monochromatic,  coherent  laser  light.  Results  presented  in  this  paper  are 
restricted  to  a  single-lens  imaging  system,  although  generalization  to  more 
complex  imaging  system  configurations  would  be  straightforward.  The 
method  uses  classic  Lorenr-Mie  scattering  theory  to  obtain  the  electro¬ 
magnetic  field  external  to  an  absorbing  spherical  particle  and  a  Fourier 
optics  approach  to  calculate  the  intensities  in  the  image  plane.  Experi¬ 
mental  results  evaluating  focus  characteristics  are  examined  for  50  pm 
diameter  water  droplets  using  an  N2  laser  imaging  system  in  conjunction 
with  a  digital  image  processor,  and  the  experimental  images  are  comp' 
to  the  results  of  the  theoretical  model.  Comparative  focus  criteria  r  ults 
are  particularly  useful  in  aerosol  science  research  involving  dynamic  par¬ 
ticle  size  measurements  in  which  criteria  for  focus  and  depth  of  field  must 
be  established. 

Subject  terms:  spray  analysis:  image  formation;  focus  effects. 

Optical  Engineering  28(51  565-571  (May  1989!. 
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Scattering  of  incident  KrF  laser  radiation  resulting  from  the 
laser-induced  breakdown  of  H2O  droplets 


D.  R.  .Alexander,  S.  A.  Schaub,  J.  Zhang,  D.  E.  Poulain,  and  J.  P.  Barton 

Center  /or  Electro-Optics,  Universitj'  of  Nebrosko- Lincoln.  Lincoln.  .Vebrosko  68588-0525 


Received  December  16, 1988;  accepted  March  10. 1989 

The  time  historj-  of  elastically  scattered  incident  radiation  (ESIR)  is  presented  for  60-^m-diameter  water  droplets 
irradiated  by  KrF  (X  “  248  nm)  laser  pulses  with  power  densities  in  the  range  of  1-200  G  W/cm^.  The  ESIR  shows  a 
distinct  two-peak  structure  that  is  dependent  on  the  incident  irradiance.  The  time  delay  between  the  arrival  of  the 
incident  pulse  and  the  first  local  minimum  in  the  ESIR  varied  from  T  nsec  at  200  GW/cm-  to  21  nsec  at  5  GW/cm^. 
The  time  between  incident  pulse  arrival  and  the  first  peak  in  the  ESIR  showed  a  similar  irradiance  dependence,  with 
delays  ranging  from  4  to  12  nsec.  Images  of  droplet  breakup  and  the  average  velocities  of  ejected  material  are 
presented  for  times  between  0  and  1000  nsec  after  the  arrival  of  S-GW/cm-  laser  pulses. 


Simplified  scattering  coefficient  expressions  for  a  spherical  particle  located 
on  the  propagation  axis  of  a  fifth-order  Gaussian  beam 

Scott  A.  Schaub,  John  P.  Barton,  and  Dennis  R.  Alexander 

Center  for  Electro-Optics,  University  of  Nebrasaka-Lincoln.  Lincoln,  Nebraska  6SS88-0656 

(Received  14  July  1989;  accepted  for  publication  17  October  1989) 

Expanding  on  developments  presented  in  an  earlier  paper,  theoretical  expressions  for  the 
scattering  coefficients  of  a  homogeneous,  absorbing,  spherical  particle  irradiated  by  a  fifth- 
order  Gaussian  beam  are  presented  for  the  special  case  of  the  particle  center  located  on  the 
propagation  axis  of  the  beam.  For  this  case,  evaluation  of  two-dimensional  surface  integrals, 
required  in  computing  the  scattering  coefficients  for  the  most  general  particle  location,  is 
reduced  to  a  computationally  more  efficient  one-dimensional  integral.  For  a  tjpical  size 
parameter  a  =  trd  /A  =  17,  the  CPU  time  required  for  calculation  of  scattering  coefficients  is 
reduced  by  a  factor  of  ~  1500  by  using  the  simplified  coefficient  expressions.  In  addition, 
computation  of  electromagnetic  field  components  is  reduced  from  double  summation  to  single 
summation  expressions,  further  simplifying  the  field  calculations. 


Fifth-order  corrected  electromagnetic  field  components  for  a  fundamental 
Gaussian  beam 

J.  P.  Barton  and  D.  R.  Alexander 

Center  for  Electro-Optics,  College  of  Engineering.  University  of  Sebrasko-Lincoln.  Lincoln. 

Nebraska  68588-0525 

(Received  24  April  1989;  accepted  for  publication  15  June  1989) 

Fifth-order  corrected  expressions  for  the  electromagnetic  field  components  of  a 
monochromatic  fundamental  Gaussian  beam  (i.e.,  a  focused  TEMpo  mode  laser  beam) 
propagating  within  a  homogeneous  dielectric  media  are  derived  and  presented.  Calculations  of 
relative  error  indicate  that  the  fifth-order  Gaussian  beam  description  pro\ides  a  significantly 
improved  solution  to  Maxwell's  equations  in  comparison  with  commonly  used  paraxial 
(zeroth-order)  and  first-order  Gaussian  beam  descriptions. 
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Theoretical  determination  of  net  radiation  force  and  torque  for  a  spherical 
particle  illuminated  by  a  focused  laser  beam 

J.  P.  Barton,  D.  R.  Alexander,  and  S.  A,  Schaub 

Center  for  Electro-Optics.  College  of  Engineering,  University  of  S’ebraska-Lincoln,  Lincoln, 

Sebraska  68588-0525 

(Received  1  June  1989;  accepted  for  publication  26  July  1989) 

Series  expressions  for  the  net  radiation  force  and  torque  for  a  spherical  particle  illuminated  by 
an  arbitrarily  defined  monochromatic  beam  are  derived  utilizing  the  spherical-particle/ 
arbitrary-beam  interaction  theory  developed  in  an  earlier  paper.  Calculations  of  net  force  and 
torque  are  presented  for  a  5-/rm-diam  water  droplet  in  air  optically  levitated  by  a  tightly 
focused  {2fim  beam  waist  diameter)  TEMoo-mode  argon-ion  (A  —  0.5145  fim)  laser  beam  for 
on  and  off  propagation  axis,  and  on  and  off  structural  resonance  conditions.  Several  features  of 
these  theoretical  results  are  related  to  corresponding  experimental  obsenations. 


Measurement  of  hypersonic  velocities  resulting  from  the  laser-induced 
breakdown  of  aerosols  using  an  excimer  laser  imaging  system 

S.A.  Schaub.  D.R.  Alexander,  D.  E.  PoulaiaandJ.P.  Barton 

Center  for  Electro-Optics,  University  of Sebraska-Lincoln.  Lincoln,  Sebraska  68588-0656 

(Received  5  May  1989;  accepted  for  publication  19  .August  1989) 

In  this  article  we  describe  a  dual-pulse  excimer-laser-based  imaging  system  used  in  the 
determination  of  ejected  material  velocities  resulting  from  the  interaction  of  KrF  laser  radiation 
(.A  =  248  nm,  pulse  width  FVMIM  =  17ns,/~  10”  W/cm')  with  20-/im  aluminum  panicles 
under  vacuum  (/*=  lO'^Torr)  conditions.  Material  velocities  measured  200-400  ns  after  arrival 
of  the  incident  pulse  ranged  from  450  to  1 200  m/s. 


Accepted  for  Publication 
in  Journal  of  Applied  Physics 
Review  Comments  incorporated 
March  8,1991 


HIGH  INTENSITY  ULTRAVIOLET  LASER  INTER.A.CTION 
WITH  A  METALLIC  FILAMENT 


G.M.  Holtmeier,  D.R.  Alexander,  and  J.  P.  Barton 


Center  for  Electro-Optics 
University  of  Nebraska 
Lincoln,  NE  68588-0656 
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Abstract 

Results  of  research  conducted  on  the  interaction  of  high  intensity  ultraviolet  pulsed  KrF  laser 
radiation  with  a  metallic  filament  are  reported.  Experimental  results  are  presented  on  the  time 
dependent  material  ejection  dynamics  associated  with  focused  excimer  laser  beams  interacting  with 
a  small  diameter  wire.  Copper  wire  75  fim  in  diameter  was  illuminated  with  a  KrF  (A  =  248  nm, 
pulse  duration  =  17  ns  FWHM)  excimer  laser  at  an  irradiance  of  80  GW/cm^.  Interaction  dynam¬ 
ics  were  recorded  using  both  a  real  time  and  double  stroked  ultinvjolet  laser  imaging  technique. 
Temporal  evolutions  of  both  vaporized  and  molten  material  are  reported.  Material  observed  during 
2-D  shadow  imaging  on  the  shadow  side  of  the  wire  was  shown  to  originate  from  the  front  ablative 
surface  without  spallation  of  material  on  the  shadow  surface.  Material  emission  velocities  are  re¬ 
ported  utilizing  two  different  imaging  techniques.  A  maximum  velocity  of  1500  m/s  was  obtained 
for  material  ejected  in  a  direction  toward  the  ablating  laser. 


Interactions  of  Intense  ultraviolet  laser  radiation  with  solid  aerosols 

D.  E.  Poulain,  0.  R.  Alexander,  J.  P.  Barton,  S.  A.  Schaub,  and  J.  Zhang 

Center  for  Electro-Optics.  University  of  Sebraska-Lincoln.  Lincoln.  .Nebraska  6S5S8-0525 

(Received  23  .August  1989;  accepted  for  publication  10  November  1989) 

Characterizations  of  the  interaction  of  intense  ultraviolet  laser  radiation  (A  =  248  nm)  with 
small  solid  aerosols  are  presented.  Interaction  dynamics,  velocity  measurements  of  expelled 
material,  and  thresholds  for  plasma  formation  are  presented  for  aluminum,  calcium  fluoride, 
glass,  silicon  carbide,  and  tungsten  particles.  An  excimer  laser  operating  with  a  krv’pton 
fluoride  gas  mixture  was  used  to  irradiate  small  solid  aerosol  particles  ( =  5-50  /Im )  under 
atmospheric  and  vacuum  conditions  down  to  10"’  Torr.  Focused  laser  radiation  intensities 
varied  from  10’  W/cm’  to  a  maximum  of  2x  10”  W/cm’.  Interactions  of  the  laser  radiation 
with  the  solid  aerosols  were  recorded  in  real  time  by  an  ultraviolet  laser  imaging  system. 

Velocities  between  250  and  2000  m/s  were  measured  for  material  ejected  from  particles 
undergoing  laser  interaction.  Laser  intensity  thresholds  for  visible  plasma  emission  ranged 
from  a  maximum  of  650  MW/cm’  for  aluminum  to  a  minimum  of  59  MW/cm’  for  tungsten. 
Thresholds  for  plasma  formation  were  determined  to  be  relatively  independent  of  ambient 
pressure. 
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ELECTROMAGNETIC  FIELDS 

FOR  AN  IRREGULARLY-SHAPED,  NEAR-SPHERICAL  PARTICLE 
ILLUMINATED  BY  A  FOCUSED  LASER  BEAM 


J.  P.  Barton,  and  D.  R.  .Alexander 

Center  for  Electro-Optics  and  Department  of  Mechanical  Engineering 
College  of  Engineering 
University  of  Nebraska- Lincoln 
Lincoln,  Nebraska  68588-0656 


ABSTRACT 

A  theoretical  procedure  is  derived  for  the  determination  of  the  internal  and  external  electromag¬ 
netic  fields  for  a  monochromatic  beam  inddent  upon  a  homogeneous  particle  of  arbitrarily-defined 
shape.  The  procedure  is  best-suited  for  the  analysis  of  near-spherical  particles  (i.e.  partides  which 
deviate  from  a  sphere  by  plus  or  minus  a  few  tenths  of  a  radii).  Aerification  and  demonstration 
calculations  are  presented.  .Also  presented  are  calculations  investigating  the  effect  of  a  surface 
deformation  on  resonance  excitation  within  an  otherwise  spherical  particle. 


29  November  1990 


MODELING  OF  THE  COHERENT  IMAGING  OF  A  SPHERICAL  AEROSOL 
PARTICLE  ILLUMINATED  BY  A  PLANE  WAVE  AT  OBLIQUE  INCIDENCE 


S.A.  Schaub,  D.R.  Alexander,  and  J.P.  Barton 
Center  for  Electro-Optics 
University  of  Nebraska-Lincoln 
Lincoln,  NE  68588-0656 
(402)  472-3091 


Abstract 

A  theoretical  model  has  been  developed  for  the  coherent  imaging  of  a  spherical  aerosol  particle 
illuminated  by  an  off-axis  incident  plane  wave.  The  modeling  technique  makes  use  of  the  arbitrary’ 
beam  theory,  presented  by  the  authors  in  an  earlier  paper,  to  calculate  the  external  electromagnetic 
field  resulting  from  the  laser/aerosol  interaction.  Scalar  diffraction  theory  is  used  to  propagate  the 
dominant  electric  field  component  through  the  imaging  lens  and  to  the  image  plane.  Demonstration 
calculations  ha\e  been  presented  for  both  opaque  and  transparent  particles  ranging  in  size  from  10 
to  40  /im  in  diameter  illuminated  by  off-arns  A  x  0.5  fim  incident  radiation. 
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Fundamental  Gaussian  beam  solutions  of  Maxwell’s 

equations 


Ding  Liu,  J.  P.  Barton  and  D.  R.  Alexander 
March  7,  1991 


The  Center  for  Electro-Optics,  248  WSEC,  University  of  Nebraska- Lin  coin,  Lincoln, 


NE  68588 


Abstract 


An  exact  fundamental  Gaussian  beam  solution  of  Maxwell’s  equation  is  derived 
and  its  properties  are  discussed.  Recursion  relations  are  developed  which  enable  the 
calculation  of  the  solution  to  arbitray  order  in  parameter  s  in  a  straightforward  w  ay. 
Results  show  that  the  solution  does  not  exist  in  all  space  and  the  size  of  the  region 
within  which  the  solution  exists  is  related  to  the  parameter  s. 


accepted  for  publication 
Applied  Optics  -  1991 

ELECTROMAGNETIC  FIELD  FOR  A  BEAM  INCIDENT  UPON 
TWO  ADJACENT  SPHERICAL  PARTICLES 

J.P.  Barton,  W.  Ma,  S.A.  Schaub,  and  D.R.  .Alexander 
Center  for  Electro-Optics 
College  of  Engineering  and  Technology 
University  of  Nebraska 
Lincoln,  NE  68588-0656 

ABSTRACT 

Through  an  application  of  our  previously  derived  single  spherical  particle/arbitratry  beam 
interaction  theory,  an  iterative  procedure  has  been  developed  for  the  determination  of  the  electro¬ 
magnetic  field  for  a  beam  incident  upon  two  adjacent  spherical  particles.  The  two  particles  can 
differ  in  size  and  composition,  and  can  have  any  positioning  relative  to  each  other  and  relative  to 
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the  focal  point  and  propagation  direction  of  the  incident  beam.  Example  calculations  of  internal 
and  near  field  normalized  source  function  (~  1^1^)  distributions  are  presented.  Also  presented  a.e 
calculations  demonstrating  the  effect  of  the  relative  positioning  of  the  second  adjacent  particle  on 
far  field  scattering  patterns. 

KEYWORDS:  electromapetic  field,  incident  beam,  adjacent  spherical  particles,  light  scattering, 
particle  sizing 


Accepted  for  publication  in 
Appl .  Opt.  -  4  January  1991 


THEORETICAL  MODEL  OF  THE  LASER  IMAGING  OF  SMALL  AEROSOLS: 
APPLICATIONS  TO  AEROSOL  SIZING 


S..A.  Schaub,  D.R.  .Alexander,  and  J.P.  Barton 
Center  for  Electro-Optics 
University  of  Nebraska 
Lincoln,  NE  68588-0656 
(402)  472-3091 


Abstract 

A  theoretical  model  is  presented  for  the  formation  of  small  particle  shadow  images  in  a  single 
lens  laser  imaging  system.  The  model  uses  a  modification  of  classical  Lorenz-Mie  theory,  presented 
by  the  authors  in  an  earlier  paper,  to  calculate  the  external  electromagnetic  fields  resulting  from  the 
interaction  of  a  Gaussian  laser  beam  with  a  finite  absorbing  spherical  particle.  Propagation  of  the 
electric  field  through  the  imaging  system  components  is  developed  from  a  scalar  viewpoint  using 
the  thin  lens  transformation  and  the  Fresnel  approximation  to  the  Huygens- Fresnel  propagation 
equation.  The  theoretical  model  is  %’alid  for  either  transparent  or  absorbing  spheres  and  has  no 
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restrictions  on  the  allowable  degree  or  direction  of  aerosol  defocus.  Direct  comparisons  between 
theoretical  calculations  and  experimental  observations  are  reported  for  53  /xm  diameter  transparent 
water  droplets  and  66  ^m  diameter  absorbing  nickel  spheres  for  defocus  ranging  from  -2  mm 
(toward  lens)  to  +2  mm  (away  from  lens).  Theory  and  experiment  showed  good  agreement  in  the 
boundary  edge  gradient  and  the  location  of  the  external  peaks,  while  observ’able  differences  existed 
in  the  magnitude  of  the  central  spots.  Theoretical  results,  comparing  water  and  nickel  aerosols, 
showed  observable  differences  in  the  calculated  average  internal  intensity  (All).  In  contrast,  the 
boundary  edge  gradient  (BEG)  showed  less  dependence  on  changes  in  optical  properties  of  the 
particle.  These  results  indicate  that  criteria,  such  as  the  All,  used  in  focus  determination  must  be 
reevaluated  when  applying  in-focus  sizing  algorithms  to  aerosols  with  significantly  different  optical 
properties. 


Excimer  Laser  Produced  Plasmas  in  Copper 
Wire  Targets  and  Water  Droplets 

D.  R.  Alexander  and  Kyo-Dong  Song 
February  20,  1991 


Abstract 


The  elastically  scattered  incident  radiation  (ESIR)  from  a  copper  wire  illuminated  by  a  KrF 
laser  pulse  at  A  =  248  nm  shows  a  distinct  two-peak  structure  which  is  dependent  on  the  incident 
energy.  Based  on  the  results,  the  time  required  to  reach  the  critical  electron  density  (jIc  «  1.8  x 
10^^ /cm^)  can  be  estimated.  Similar  ESIR  characteristics  have  been  previously  reported.  Initiation 
of  the  broadband  emission  for  the  copper  plasma  starts  at  6.5  (±  1.45)  ns  after  the  arrival  of  the 
laser  pulse  as  compared  to  11  (±  0.36)  ns  for  water.  Lifetimes  of  electrons  in  the  subelectron  states 
is  estimated  to  be  around  10~^  sec  and  may  contribute  in  the  time  delay  of  the  plasma  initiation 


for  water  droplets.  In  addition,  the  ionization  potential  of  copper  (430  -  530  nm)  is  around  6  eV, 
which  is  approximately  two  time  smaller  than  the  13  eV  ionization  potential  reported  for  water. 
These  effects  may  also  affect  the  plasma  emission  delay  for  water.  The  delay  in  the  copper  plasma 
after  initiation  is  also  contributed  to  energy  losses  by  the  interband  transition  (4s^-3d^°). 


r\c*  icwcr  Lfionges  incorporateo 
Revised  copy  send  to  Appl .  Op 
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NONLINEAR  INTERACTION  OF  KrF  L.4SER 
RADIATION  WITH  SMALL  WATER  DROPLETS 


D.R.  Alexander,  J.P.  Barton,  S..A.  Schaub,  and  G.M.  Holtmeier 


Center  for  Electro-Optics 
University  of  Nebraska- Lin  coin 
Lincoln,  Nebraska  68588-0656 


Abstract 

Results  have  been  obtained  for  the  interaction  of  KrF  excimer  laser  radiation  (A  =  248  nm, 
tpuise  =  1"  ns)  with  60  /rm  diameter  distilled  water  droplets  for  irradiance  values  ranging  from  3 
to  230  GW/cm^.  Laser  images  of  the  droplet  breakup  during  the  time  intervals  from  0  to  100  ns 
indicate  the  dynamic  breakup  processes  to  be  highly  nonlinear.  At  low  irradiance  (3  G^\/cm*) 
material  is  ejected  from  both  the  illuminated  and  shadow  hemispheres  of  the  droplet,  in  qualitative 
agreement  with  the  location  of  the  electric  field  peaks  predicted  by  plane  wave  Lorenz- Mie  theory 
calculations.  As  the  irradiance  is  increased,  the  interaction  on  the  shadow  hemisphere  becomes 
stronger  while  the  interaction  on  the  illuminated  hemisphere  decreases.  This  nonlinear  behavior  is 
attributed  to  rapid  electrical  breakdown  of  the  droplet  near  the  shadow  surface.  The  breakdown 
region  destroys  the  ability  of  the  droplet  to  redirect  energy  toward  the  front  hemisphere  of  the 
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droplet.  Without  this  mechanism,  the  localized  electric  field  maxima  near  the  illuminated  surface 
of  the  droplet  cannot  arise.  Measurements  were  also  taken  of  the  average  material  velocities  during 
the  time  interv'als  from  0  to  50  ns  after  arrival  of  the  high  energy  pulse,  \yocities  ranged  from 
1000  m/s  at  3  GW/cm*  to  6000  m/s  at  230  GW/cm^. 


Hybrid  Inelastic  Scattering  Models  for  Particle 
Thermometry:  Unpolarized  Emissions 

Jingyi  Zhang  Dennis  R.  Alexcinder 

March  8,  1991 


Abstract 

A  hybrid  modeling  technique  is  reported  for  studying  inelastic  (fluorescent  and 
Raman)  scattering  from  molecules  embedded  in  particles  of  large  optical  size  parame¬ 
ters.  The  modeling  technique,  which  combines  Lorenz-Mie  theory  (for  determination 
of  incident  excitation  field)  with  geometrical  optics  formulation  (for  determination  of 
inelastic  scattering  efficiency  function),  provides  an  insight  into  the  scattering  pro¬ 
cesses  and  serves  as  a  theoretical  basis  for  guiding  experiments  and  interpreting  mea¬ 
surements  in  aerosol  particle  thermometry  using  inelastic  light  scattering  techniques. 


Hybrid  Inelastic  Scattering  Models  for  Particle 
Thermometry:  Polarized  Emissions 

Jingyi  Zhztng  Dennis  R.  Alexander 

Mcirch  8,  1991 


Abstract 

The  work  of  the  previous  paper  is  extended  to  the  polarized  inelastic  (fluores¬ 
cent  and  Ramttn)  scattering  from  molecules  embedded  in  solid  particles  of  large  size 
parameters.  The  hybrid  modeling  method,  which  combines  Lorenz-Mie  theory  with 
geometrical  optics  formulation,  has  taken  into  account  the  contributions  of  transmit¬ 
ted  and  reflected/transmitted  rays  of  secondary  emissions.  The  coherent  effects  of 
light  rays  emitted  from  same  point  source  have  also  been  considered.  The  angular 
scattering  patterns  predicted  with  the  method  were  consistent  with  expected  physi¬ 
cal  behaviors  and  existing  classical  solutions.  These  results  are  important  for  current 
studies  in  laser  diagnosis  of  aerosol  particles  using  inelastically  scattered  light. 
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Proceed! nas  of  the  19S8  U.S.  Army  CRDEG  Scientific  Conference  on 
Obscuration  and  Aerosol  Research,  Aberdeen,  Maryland,  June,  19SS. 


EXPERIMENTAL  AND  THEORETICAL  ANALYSIS  OF  LIQUID  DROPLETS 
MOVING  THROUGH  A  FOCUSED  CO2  LASER  BEAM 


J.P.  Barton,  D.R.  Alexander,  and  S.A.  Schaub 
Center  for  Electro-Optics 
College  of  Engineering 
University  of  Nebraska- Lin  coin 
Lincoln,  NE  6858S-0525 


Abstract 

A  simplified  theoretical  model  for  predicting  the  threshold  power  for  explosive  fragmenta¬ 
tion  of  liquid  droplets  falling  through  the  focal  point  of  a  tightly-focused,  continuous,  Gaussian- 
profiled  laser  beam  has  been  developed.  Theoretically-predicted  and  corresponding  experimentally- 
measured  explosive  fragmentation  threshold  power/droplet  velocity  ratios  are  compared  for  CO; 
laser  irradiated  water  droplets  within  a  size  parameter  range  of  5  to  25.  The  theoretical  and  exper¬ 
imental  data  were  in  agreement  within  a  factor  of  about  two.  Future  refinements  of  the  theoretical 
modeling  and  the  experimental  procedure  are  discussed. 


INTERACTION  OF  EXCIMER  LASER  RADIATION 
WITH  SOLID  PARTICLES 


D.R.  Alexander,  D.E.  Poulin,  J.P.  Barton,  S.A.  Schaub,  and  J.  Zhang 


Center  for  Electro- Optics 
University  of  Nebraska- Lincoln 
Lincoln,  Nebraska  68588-0525 


Abstract 
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-ix  particles  of  glass  spheres,  Al  spheres,  Al20'»  W  SiC  eround 
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Proceedinas  of  the  19S9  U.S.  Army  CRDEC  Scientific  Conference  on 
Obscuration  and  Aerosol  Research,  Aberdeen,  Maryland,  Oune,  19P9. 


ELECTROMAGNETIC  FIELD  CALCULATIONS  FOR  A  TIGHTLY- FOCUSED 
LASER  BEAM  INCIDENT  UPON  A  SPHERICAL  PARTICLE 

J.P.  Barton,  D.R.  Alexander,  and  S.A.  Schaub 
Center  for  Dectro-Optics 
College  of  Engineering 
University  of  Nebraska 
Lincoln,  Nebraska  685S8 


ABSTRACT 

New  applications  and  extensions  of  our  spherical  particle/arbitrary  beam  electromagnetic  in¬ 
teraction  theory  are  presented.  The  topics  include  a  further  analysis  of  focal  point  positioning 
effects  at  resonance,  the  determination  of  the  net  radiation  force  and  torque  on  the  particle,  the 
determination  of  the  spatial  distribution  of  radiation  forces  within  and  upon  the  surface  of  the 
particle,  and  the  determination  of  the  interactive  internal  and  external  electroma^etic  fields  for  a 
beam  incident  upon  two  adjacent  particles  of  differing  size  and  material  and  of  arbitrary  spatial  po¬ 
sitioning.  Future  work  will  involve  further  refinement  of  these  developments  and  an  effort  to  obtain 
direct  comparisons  between  theoretical  calculations  and  corresponding  experimental  measurements. 


r'roceecirg  ct  *.ne  iScs  iiCieniiTic 
Conference  on  Obscurclion  end 
Aerosol  Research 


NONLINEAR  EFFECTS  OF  EXCIMER  LASER 
INTERACTION  WITH  WATER  DROPLETS 


D.R,.  .Alexander,  J.P.  Barton,  S..A..  Schaub,  and  G.  Holtmeier 


Center  for  Electro-Optics 
University  of  Nebraska-Lincoln 
Lincoln,  Nebraska  68588-0525 


I 


I 


15 


A 


Abstract 


During  this  funding  period  results  have  been  obtained  for  the  interaction  of  KrF  excimer  laser 
radiation  (A  =  248  nm,  tp^(„  =  17  ns)  with  60  fim  distilled  water  droplets  for  irradiance  \-alues 
ranging  from  3  to  230  GW/cm^  Laser  images  of  the  droplet  breakup  during  the  time  interval 
from  0  to  100  ns  indicate  the  dynamic  breakup  processes  to  be  highly  nonlinear.  At  low  irradiance 
(3  GW/cm*)  the  material  is  ejected  from  both  the  illuminated  and  shadow  hemispheres  of  the 
droplet,  closely  resembling  internal  electric  field  strengths  obtained  from  plane  wa\e  Lorenz-Mie 
theory  calculations.  As  the  irradiance  is  increased  to  6  GlV/cm*  the  interaction  on  the  shado'w 
hemisphere  becomes  stronger  while  the  interaction  on  the  illuminated  hemisphere  decreases,  .^t 
high  irradiance  (230  GlV/cm*)  the  droplets  fragment  in  essentially  a  symmetric  manner,  ,4^er<ige 
material  velocity  from  0  to  50  ns  after  arrival  of  the  high  energj'  pulse  ranged  from  1000  m/s  at  3 
GW/cm^  to  6000  m/s  at  230  GW/cm^ 


CRDEC  Scientific  Conference  on 
Obscuration  and  Aerosol  Research 
Aberdeen,  Maryland,  1990 

LASER  INTERACTION  WITH  A  METALLIC  FILAMENT; 

ABL.4TION  DYNAMICS  AND  PLASMA  FORMATION 

D.R.  .Alexander,  G.  M.  Holtmeier,  Kyo-Dong  Song,  and  J.  P.  Barton 
Center  for  Electro-Optics 
College  of  Engineering 
Urtiversity  of  Nebraska 
Lincoln,  NE  68588-0656 

RECENT  PUBLICATIONS,  SUBMITTALS  FOR  PUBLICATION, 

AND  PRESENTATIONS: 

ABSTR.ACT 


Experimental  results  are  presented  on  the  time  dependent  material  ejection  dynamics  associ¬ 
ated  with  focused  excimer  laser  beams  inte.*acting  with  a  small  diameter  wire.  Copper  wire  75 
in  diameter  was  illuminated  with  a  KrF  excimer  laser  at  an  irradiance  of  80  GW/cm^.  Interac¬ 
tion  dynamics  were  recorded  using  both  real  time  and  double  strobed  ultraviolet  laser  imaging 
techniques.  Temporal  evolutions  of  both  vaporous  and  molten  material  are  reported  for  the  laser 
beam/wire  interactions.  Material  observed  during  2-D  shadow  imaging  on  the  shadow  side  of 
the  wire  was  shown  to  originate  from  the  illuminated  surface  without  spallation  of  material  on 
the  shadow  surface.  Materia]  emission  velocities  are  reported  utilizing  two  different  imapng  tech¬ 
niques.  A  maximum  velocity  of  1500  m/s  was  obtained  for  material  ejected  in  a  direction  toward 
the  illuminating  laser.  The  elastically  scattered  incident  radiation  (ESIR)  for  both  solid  copper 
wires  and  H2O  drops  show  a  distinct  two-peak  structure  which  is  dependent  on  the  incident  energj’. 
Broad  band  plasma  emission  for  copper  starts  at  6.5  ±  1.4  ns  after  the  pulse  arrix-al  as  compared  to 
11  ±  0.36  ns  for  a'ater  drops.  Future  work  will  include  the  use  of  a  femtosecond  laser  to  investigate 
laser  interactions  at  higher  irradiances  (200  GW/cm*)  and  associated  nonlinear  behavior. 
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Proceedings  of  the  1990  U.S  Anry 
CRDEC  Scientific  Conference  on 
Obscuration  and  Aerosol  Research 
Aberdeen,  Maryland,  1990 


ELECTROMAGNETIC  FIELDS  FOR  A  BEAM  INCIDENT 
UPON  A  NONSPHERICAL  PARTICLE 

J.P.  Barton  and  D.R.  -Alexander 
Center  for  Electro-Optics 
College  of  Engineering 
University  of  Nebraska 
Lincoln,  Nebraska  68588-0656 


ABSTR.4CT 

A  theoretical  procedure  has  been  developed  for  the  determination  of  the  internal  and  exter¬ 
nal  electromagnetic  fields  for  a  monochromatic  beam  incident  upon  a  homogeneous  particle  of 
arbitrarily-defined  shape.  The  procedure  is  best  suited  for  the  analysis  of  near-spheric^  particles 
(i.e.,  particles  which  deviate  from  a  sphere  by  plus-or-minus  a  few  tenths  of  a  radii).  Verification 
and  demonstration  calculations  are  presented.  .Also  presented  are  calculations  investigating  the 
effect  of  particle  shape  on  internal  heating  distributions  for  COj  laser  heated  water  droplets,  and 
calculations  investigating  the  effect  of  surface  deformation  on  resonance  excitation  within  an  oth¬ 
erwise  spherical  particle.  Future  work  will  include  consideration  of  modifications  of  the  theoretical 
procedure  that  would  allow  solutions  for  elongated  particles,  and  the  comparison  of  theoretical 
calculations  with  corresponding  experimental  measurements. 


Proceedinas  of  the  2"“  International 
Conference  on  Ootical  Particle  Sizino 
March  5-9,  1990  Temoe,  Arizona 


THEORETICAL  DETERMIN.4TI0N  OF  THE  ELECTROMAGNETIC  FIELDS 
FOR  A  LASER  BEAM  INCIDENT  UPON 

TWO  ADJACENT  SPHERIC.4L  PARTICLES  OF  .4RBITRARY  ARR.4NGEMENT 


J.P.  Barton,  W.  Ma,  S..4.  Schaub  and  D.R.  .Alexander 

Center  for  Electro- Optics 
College  of  Engineering 
University  of  Nebraska- Lincoln 
Lincoln,  NE  68588-0656 


ABSTRACT 

Applying  our  previously  derived  spherical  paiticle/aibitrary  beam  interaction  theory,  a  pro¬ 
cedure  has  been  developed  for  the  determination  of  the  electromagnetic  fields  for  a  beam  incident 
upon  two  adjacent  spherical  particles.  Example  calculations  of  internal  and  near  field  normalized 
source  function  (~  |E|*)  distributions  are  presented.  .Also  presented  are  calculations  demonstrating 
the  effect  of  the  presence  and  the  positioning  of  a  second  adjacent  particle  on  far  field  scattering 
patterns  for  beam  illumination. 
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Congress  on  Optical  Particle  Sizing 
Spring  1990 

MODELING  OF  A  COHERENT  IMAGING  SYSTEM 

S.A.  Schaub,  D.R.  .Alexander,  and  J.P.  Barton 

University  of  Nebraska- Lincoln 
Center  for  Electro- Optics 
Lincoln,  NE  6S5SS-0656 


.Abstract 

A  theoretical  model  is  presented  for  the  formation  of  spherical  particle  images  in  a  laser-based 
imaging  system.  The  model  uses  Lorenz- Mie  theory  in  obtaining  the  electromagnetic  fields  at  the 
imaging  lens  surface,  the  thin  lens  expression  to  propagate  the  field  through  the  lens,  and  the 
Fresnel  propagation  equation  to  calculate  the  intensity  distribution  in  the  image  plane.  Compar¬ 
isons  between  the  theoretical  calculations  and  experimental  images  are  made  for  transparent  water 
droplets  at  various  degrees  of  particle  defocus. 
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3.  DESCRIPTION  OF  RESEARCH 


Detailed  descriptions  of  the  experimental  and  theoretical  investigation  conducted  during  the 
research  project  are  given  in  the  reprints  and  preprints  of  the  scientific  msmuscripts  submitted  with 
this  Final  Report.  (See  List  of  Publications,  Section  6,  and  Appendices.) 
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8.  APPENDICES 


(a)  Reprints  and  Preprints  of  Publications  in  Technical  Journal,  Item  6(a) 


Internal  and  near-surface  electromagnetic  fields  for  a  spherical  particle 
irradiated  by  a  focused  laser  beam 

J.  P.  Barton,  D.  R.  Alexander,  and  S.  A.  Schaub 

Laboratory  for  Electro-Optical  Measurements,  College  of  Engineering  and  Technology, 

University  of  Sebraska-Lincoln,  Lincoln,  \ebraska  68S88-0525 

(Received  17  February  1988;  accepted  for  publication  6  May  1988) 

Theoretical  expressions  for  the  internal  and  external  electromagnetic  fields  for  an  arbitrary 
electromagnetic  beam  incident  upon  a  homogeneous  spherical  particle  are  derived,  and 
numerical  calculations  based  upon  this  theoretical  development  are  presented.  In  particular, 
spatial  distributions  of  the  internal  and  near-surface  electric  field  magnitude  (source  function) 
for  a  focused  fundamental  (TEM,x,  mode)  Gaussian  beam  of  1.06  fjm  wavelength  and  4  jum 
beam  waist  diameter  incident  upon  a  5-/im-diam  water  droplet  in  air  are  presented  as  a 
function  of  the  location  of  the  beam  focal  point  relative  to  the  sphere  center.  The  calculations 
indicate  that  the  internal  and  near-surface  electric  field  magnitude  distribution  can  be  strongly 
dependent  upon  relative  focal  point  positioning  and  may  differ  significantly  from  the 
corresponding  electric  field  magnitude  distribution  expected  from  plane-wave  irradiation. 


I.  INTRODUCTION 

The  interaction  of  a  focused  laser  beam  with  a  spherical 
particle  is  a  topic  of  current  research  interest  with  applica¬ 
tions  occurring  in  a  variety  of  areas  of  study  including  parti¬ 
cle  sizing,  laser  fusion,  Raman  scattering  diagnostics,  optical 
levitation,  and  laser  beam/aerosol  cloud  penetration.  The 
electromagnetic  field  that  results  from  a  focused  laser  beam 
incident  upon  a  spherical  particle  is  a  function  of  the  proper¬ 
ties  of  the  beam  (wavelength,  power,  mode,  beam  waist  di¬ 
ameter),  the  properties  of  the  particle  (diameter,  complex 
index  of  refraction),  and  the  relative  focal  point  positioning. 
Presented  here  is  a  theoretical  development  that  permits  the 
determination  of  the  internal  and  external  electromagnetic 
fields  for  a  focused  laser  beam  incident  upon  a  homogeneous 
spherical  particle  as  a  function  of  these  parameters.  For  illus¬ 
tration,  calculations  of  equatorial  and  transverse  plane  elec¬ 
tric  field  magnitude  (source  function)  distributions  for  a 
focused  fundamental  (TEMqo  mode)  Gaussian  beam 
(/(  =  I.06/im,  iL'o  =  2/tm)  incident  upon  a  spherical  water 
droplet  ( d  =  5  /im )  are  presented  for  both  on-center  and  off- 
center  focal  point  positioning.  Such  calculations  could  be 
used,  for  example,  to  predict  the  location  and  required 
threshold  power  for  spontaneous  evaporative  nucleation 
(within  the  droplet)  or  the  location  and  required  threshold 
power  for  electrical  breakdown  (either  within  or  near  the 
surface  of  the  droplet). 

Previously,  Dusel,  Kerker,  and  Cooke'  and  Green  etalf 
have  presented  internal  electric  field  magnitude  (source 
function )  distributions  for  a  plane  electromagnetic  wave  in¬ 
cident  upon  a  homogeneous  spherical  particle.  But  such  a 
plane-wave  assumption  would  be  appropriate  only  if  the 
sphere  diameter  is  much  less  than  the  local  beam  diameter, 
and  this  is  often  not  the  situation  when  a  focused  laser  beam 
is  used  for  illumination.  Morita  et  al.,^  Tsai  and  Pogor- 
zelski,*  Tam  and  Corriveau,’  Kim  and  Lee,*  and  Gouesbet, 
Grehan,  and  Maheu’  have  ail  considered  the  problem  of  a 
fundamental  Gaussian  beam  incident  upon  a  homogeneous 


spherical  particle,  but  these  works  appear  primarily  con¬ 
cerned  with  far-field  scattering  and  no  internal  or  near-sur¬ 
face  electromagnetic  field  distributions  are  presented.  In  ad¬ 
dition,  the  first  four  of  these  papers  utilize  simple  zero-order 
Gaussian  beam  descriptions.  The  most  recent  work  of 
Gouesbet,  Grehan,  and  Maheu’  utilizes  the  more  accurate 
first-order  focused  fundamental  Gaussian  beam  description 
of  Davis"  (which  is  used  here)  but  only  on-center  focusing  is 
considered  and,  even  for  this  simplified  case,  the  expansion 
of  the  incident  field  into  the  coefficients  used  in  the  series 
expressions  for  the  electromagnetic  field  components  re¬ 
quires  a  difficult  numerical  integration  over  a  semi-infinite 
plane. 

An  alternative  to  the  approach  of  Gouesbet,  Grehan, 
and  Maheu’  is  derived  and  utilized  in  this  paper  and,  for  the 
first  time,  internal  and  near-surface  electric  field  magnitude 
distributions  are  presented.  The  theoretical  development  is  a 
simple  extension  of  the  classic  plane  wave  Lorentz-Mie  the¬ 
ory  as  presented  in  Born  and  Wolf  '*  and  the  expansion  of  the 
incident  field  requires  numerical  integration  of  finite  surface 
integrals  only.  The  theoretical  development  is  applicable  for 
any  incident  beam  for  which  an  accurate  mathematical  de¬ 
scription  is  known,  and  thus  results  for  off-center  focusing 
can  be  straightfon^-ardly  determined.  In  addition,  as  more 
accurate  mathematical  Gaussian  beam  descriptions  are  de¬ 
veloped,  these  can  be  easily  incorporated  into  the  analysis. 

II.  THEORY 

The  specific  problem  considered  here  is  that  of  an  arbi¬ 
trary  harmonic  electromagnetic  beam  within  an  infinite,  lin¬ 
ear,  isotropic,  nonmagnetic,  nonelectrically  conducting,  ho¬ 
mogeneous  media  incident  upon  a  linear,  isotropic, 
nonmagnetic,  finite  electrically  conducting  sphere  of  radius 
a.  A  spherical  coordinate  system  with  the  origin  at  the 
sphere  center  is  chosen  ( Fig.  1 ) .  The  initial  part  of  the  devel¬ 
opment  is  similar  to  the  plane-wave  Lorentz-Mie  theory'  de¬ 
velopment  as  presented  in  Bom  and  Wolf*  Appropriately, 
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FIG.  1.  Geomelr)  for  an  arbilrao  clcciromagneiic  beam  incident  upon  a 
spherical  particle. 


all  electromagnetic  quantities  are  assumed  to  var>’  in  time  as 
exp(  —  io)t).  (The  complex  exponential  is  dropped  from  all 
subsequent  expressions. ) 

The  procedure  is  to  first  obtain  a  general  electromagnet¬ 
ic  field  solution  and  then  relate  electromagnetic  field  expres¬ 
sions  for  the  incident,  scattered,  and  internal  electromagnet¬ 
ic  fields  by  appljing  boundary  conditions  at  the  surface  of 
the  sphere.  The  general  electromagnetic  field  solution  is  ob¬ 
tained  by  expressing  the  field  as  a  sum  of  two  subfields;  the 
electric  wave  field  (designated  by  the  superscript  e)  which  is 
assumed  to  have  a  zero  radial  magnetic  field  comptonent 
('H,  =  0)  and  the  magnetic  wave  field  (designated  by  the 
superscript  m)  which  is  assumed  to  have  a  zero  radial  elec¬ 
tric  field  component  {"'E,  =0).  The  advantage  of  doing  this 
is  that  each  subfield  can  be  expressed  solely  as  a  function  of  a 


single  respectixe  scalar  potential,  fl.  In  terms  of  the  scalar 
potential  associated  with  the  electric  wave  field  ('Tl )  and  the 

scalar  potential  associated  with  the  magnetic 
( "TI )  the  electromagnetic  field  components  are 

waxe  field 

£,  =  -1-  k  V  n, 

dr 

(1) 

„  1  <?  =  (r^n)  k"  <?(r'"n) 

r  36  dr  r  sin  6  3d> 

(2) 

^  1  d-ir'U)  k"  ^(r"n) 

*  r  sin  0  3d)  dr  r  36  ' 

(3) 

H,  =  — -1-  k  vn, 
dr 

(4) 

^  .  k'  dir'U)  ^  1  ^-(r"n) 

*  rs\nd  dd)  r  dr  36 

(5) 

and 

^  k'  dir-n)  ^  1  d-(r"n) 

*  r  36  r  sin  0  dr  36 

(6) 

In  Eqs.  ( 1  )-(6),  ^  =  ik^^e,  k"  =  ik^,  and  k  =  ^o\f.  where 
k„  =  and  the  complex  dielectric  constant,  f  =  e 
-¥  iAza/o),  where  a  is  the  electrical  conductivity.  Both  ‘TI 
and  "Tl  satisfy  the  Helmholtz  equation 

VMl-b*=n  =  0.  (7) 

That  the  electromagnetic  field  of  Eqs.  ( l)-(6)  with  the  con¬ 
dition  of  Eq.  (7)  satisfies  Maxwell’s  equations  can  be  veri¬ 
fied  by  direct  substitution. 


It  is  at  this  point  that  the  derivation  for  an  arbitrary 
incident  beam  differs  from  the  traditional  derivation  for  an 
incident  plane  wave.  Instead  of  choosing  a  series  solution 
with  a  form  corresponding  to  that  for  a  transverse  polarized 
plane  wave  propagating  along  the  z  axis,  the  most  general 
separation  of  variables  solution  of  the  Helmholtz  equation 
[Eq.  (7)]  is  chosen: 

'■n=X  £  +Bi„Xi(kr)]Yi„(e4),  (8) 

0  m  .  -  ; 

where and  Bi„  are  arbitraiy  constants,  d’,  and  Xi  aft  the 
Ricatti-Bessel  functions,  and  (0.^)  is  the  spherical  har¬ 
monic  function. 

The  electric  wave  and  magnetic  wave  scalar  potentials 
for  the  incident  field  (designated  by  the  superscript  /),  the 
scattered  field  (designated  by  the  superscript  s),  and  the 
internal  field  (designated  by  the  superscript  w)  are  ex¬ 
pressed  in  a  form  consistent  with  Eq.  (8).  (In  the  following, 
the  subscript  int  refers  to  properties  within  the  sphere  and 
the  subscript  ext  refers  to  properties  outside  the  sphere. )  For 
the  incident  field, 

/  *  0  m  »  —  / 

and 

,^n<"=£  £  B,„d',{k„,r)Y,„{0.d),  (10) 

0  m  -  -  I 

where  the  Xi  functions  have  been  excluded  since  this  func¬ 
tion  is  unbounded  at  the  origin  and  the  incident  field  should 
be  describable  everywhere,  including  the  origin.  For  the 
scattered  field 

y  a,^,£]'\k,,,r)Y,^{e.6)  (11) 

/  ar  0  'n  B  —  / 

and 

r-n-»=y  y  '”(A„,r)y,„(ftd),  (i2) 

/T'o  m  I 

whereg  =  d’l  —  ixi  functions  are  chosen  since  these  func¬ 
tions,  in  the  limit  of  large  r,  correspond  to  outward  traveling 
spherical  wax  es,  appropriate  for  the  scattered  field.  For  the 
internal  field, 

^n->=£  £  c,„d,{k,„,r)Y,„{e,6)  (13) 

/«  0  m  »  ~  I 

and 

£  d,^du(k,„,r)Y,^m),  (14) 

/  «  0  m  »  —  / 

where  once  again  the  Xi  functions  have  been  excluded  since 
these  functions  are  unbounded  at  the  origin. 

Substitution  of  Eqs.  (9)-(14)  into  Eqs.  (l)-(6)  pro¬ 
vides  expressions  for  the  incident,  scattered,  and  internal 
electromagnetic  fields.  For  brevity,  only  the  expressions  for 
the  electric  field  components  are  given  here.  Expressions  for 
the  magnetic  field  components  are  given  in  Appendix  A.  The 
/  =  0  terms  in  these  series  expressions  have  been  removed 
since,  as  can  be  seen  (note:  dY„/d9  =  0),  these  terms  make 
no  contribution.  For  the  incident  electric  field. 
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^  rii)  _  _L 


^  /  K  I  m  «  —  / 


r  ;  _  1  „  r*-  A 

+  ‘'nk[lBi„i/>,{k„,r)  — /‘Y-]. 

sin  5  / 


30 


/m]m«  —  / 

( 

fr=-i  i  (*,„, c, .«/';(*, „.r) 

r  /  -  I  m  •  _  I  \  t/C' 

*  Sin  0  / 


r  /  -  I  m  /V.  sin  0 

-kl\,BMk„,r)^Il=^y 

for  the  scattered  electric  field, 


^''‘  =  -S  X  ini+l)o,^jy\k„,r)Y,„{0,<(.)], 

^  /  3c  ]  m  a  —  / 


^«’  =  -X  X 

f  1=  ]  m  -  l\ 


+  ‘'nkl\,hi„il"(.k„,r) 


Y,„{0,4>y 


1  *  /  /  V  r/9/ 

£;>=±X  X 

r  m  -  A  sin  0 

-k[lba]"(k,.,r) 

and  for  the  internal  electric  field 


i“’  =  —  y  X  f 'w^.n,  c,„  jh',  ( k,„,  r) 
r  I'Ti  „  r'-  ,\ 

-  k  li,  d,„  Ip,  ( k,„,  r) - — - j, 


Y,„{0,<P) 


where  the  superscript  prime  refers  to  the  derivative  of  the 
function  with  respect  to  its  argument. 

The  coefficients  that  describe  the  scattered  field,  and 
b,„,  and  the  coefficients  that  describe  the  internal  field,  Ci„ 
and  di„,  can  be  related  to  the  coefficients  that  describe  the 
incident  field,  A,„  and  5,„,  by  application  of  the  boundary 
condition  that  the  tangential  compionents  of  the  electric  and 
magnetic  fields  be  continuous  across  the  sphere  surface. 
From  Eqs.  (2),  (3),  (5),  and  (6)  it  can  be observ'ed  that  the 
boundary  conditions  will  be  satisfied  if 

itvn,  k"rn,  and 

dr  dr 

are  continuous  across  the  surface  of  the  sphere.  Noting  that 
n„,  =  n“’  +  n"’  and  n,„,  =  n'"’,  and  using  Eqs.  (9)- 
( 14)  to  substitute  into  the  four  boundary  conditions,  results, 
after  equating  like  terms,  in  four  simultaneous  algebraic 
equations  that  are  soh  ed  to  directly  relate  fl,„ ,  ,  c,,„ ,  and 

10  A, „  and  B,^: 


a  '^’'^k,„,a)l/’^k„,a) -m,(k,„,a)tl>',(k„^a)  ^ 

ni!',(k,„,a)iy^’(k„,a)  -  il;',(k,„,a)iy'{k„,a) 

^  nd’’,(k,„,a)t/’{k,^,a) -tp,{k,„,a)tp'i(k„,a)  ^ 

""  b^-Mk,„,a)ir'(k„,a)-niI,',(k,„a)iy\k„,a) 


iy’'<.k„,a)tl'(k„,a)-iy\k,^,aH'-,[k„,a)  ^ 

I - 

w  here  n  is  the  complex  relative  index  of  refraction  defined  as  _ , 

{.Q-,0 

"=  (28) 

The  final  step  is  to  determine  the  coefficients  A,„  and  where 
B,„  that  describe  the  incident  electromagnetic  field.  This  r 

can  be  done  for  any  physical  incident  electromagnetic  field  ~  J 

for  which  the  radial  components  of  the  electric  and  magnetic  _  .** 

fields  are  known  over  a  spherical  surface  of  radius  a  {or  cvaluatit 

actually,  a  spherical  surface  of  any  radius).  Assuming  ‘hat 

E '/’ia,0,^)  is  known,  this  function  of  0 and  ^  only  can  be  /(/+!) 

expanded  in  a  series  of  spherical  harmonics  o* 


E'‘\a,04)=±  X 


e,„=r  \  s:m0E'J\a,0,(P)Yr„(0,<i>)d0d<p.  (30) 

Jo  Jo 

But  evaluating  Eq.  ( 1 5 )  at  r  =  u  and  equating  with  £q.  ( 29 ) 


A,„d),{k^„,a)  =  e,„, 
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xYt,(0,<l>)d0d<t.  (33) 

In  summary,  the  internal  and  external  electromagnetic 
fields  for  an  arbitrary  beam  incident  upon  a  homogeneous 
sphere  can  be  determined  as  follows.  TheAi„  and  coeffi¬ 
cients  that  describe  the  incident  field  are  generated  by  com¬ 
puting  the  surface  integrals  of  Eqs.  (32)  and  (33).  Equa¬ 
tions  (24)-(27)  are  then  used  to  determine  the  coefficients 
,  b,„  and  c,„,  d,„  that  respectively  describe  the  scattered 
and  internal  fields.  Finally,  Eqs.  ( 15)-(23)  are  evaluated  to 
determine  the  electric  field  distribution.  The  magnetic  field 
distribution  can  be  evaluated  using  the  equations  presented 
in  .Appendix  .A.. 

An  expression  for  the  time-averaged  power  absorbed  by 
the  sphere  can  be  obtained  by  integrating  the  radial  compo¬ 
nent  of  the  external  field  Poynting  vector  over  a  spherical 
surface  enclosing  the  sphere.  In  the  limit  of  a  large  integra¬ 
tion  radius,  it  follows  that 


III.  NUMERICAL  VERIFICATION 

A  computer  program  was  written  incorporating  the 
aforementioned  arbitrary  incident  beam  theory.  The  re¬ 
quired  Ricatti-Bessel  functions  are  evaluated  using  the  re¬ 
cursion  technique  presented  by  Ross'"  and  the  required 
spherical  harmonic  functions  are  evaluated  using  derived  re¬ 
cursion  formulas  based  on  the  associated  Legendre  function 
recursion  relationships  presented  by  Press  et  al."  The  sur¬ 
face  integrals  of  Eqs.  (32)  and  (33)  are  determined  using 
standard  numerical  integration  procedures.  The  assumed 
known  incident  electromagnetic  field  components  are  pro- 
sided  by  a  subroutine  independent  from  the  main  computer 
program.  In  this  way,  the  same  main  computer  program 
could  be  used  for  different  prescribed  incident  electromag¬ 
netic  fields. 

As  a  test  of  the  arbitrary  incident  beam  theory  and  the 
computer  program,  a  Lorentz-Mie  theory  type  incident 
plane  wave  was  assumed.  Consistent  with  the  Lorentz-Mie 
theory  development  as  presented  in  Bom  and  Wolf,’  the  in¬ 
cident  linearly  polarized  plane  electromagnetic  wave  is  as¬ 
sumed  to  propagate  in  the  -|-  z  axis  direction  with  an  electric 
field  polarization  in  the  x  axis  direction.  Thus,  after  remov¬ 
ing  the  exp(  —  iut)  time  dependence. 


E<'>  = 

(35) 

(36) 

1 


FIG.  2.  .formalized  source  function  in  the  equatorial  (j-r)  plane  for  a 
transverse  polarized  plane  wave  propagating  in  the  +  r  axis  direction  inci¬ 
dent  upon  a  homogeneous  sphere,  a  —  14.82  and  n  =  1.33  5.0x  lO-"/ 

( 5-/rm-diam  water  droplet  in  air  at  >?  =  1.06  fim). 


where  Ed  is  the  incident  electromagnetic  wave  electric  field 
amplitude.  Substituting  the  incident  electromagnetic  field 
described  by  Eqs.  (35)  and  (36)  into  the  computer  program 
produced  results,  as  expected,  identical  to  those  of  plane 
wave  Lorentz-Mie  theory.  For  illustration.  Fig.  2  shows  a 
computer  program  generated  plot  of  the  normalized  source 
function, 

5=iElVl£o|=,  (37) 

in  the  equatorial  (j>-z)  plane  for  a  5-/2m-diam  (radius, 
a  =  2.5  /um)  water  droplet  in  air  with  1.06  //m  wavelength 
(Nd:Y.AG  laser  wavelength)  plane-wave  irradiation.  (Size 
parametera  =  Ijra/A  =  14.82,  complex  relative  index  of  re¬ 
fraction  n  =  1.33  -f  5. Ox  10“^'.'’)  Spatial  coordinates  are 
normalized  relative  to  the  sphere  radius.  These  results 
agreed  identically  with  corresponding  plane  wave  results 
generated  by  a  separate  Lorentz-Mie  theory  based  computer 
program. 

An  additional  test  of  the  validity  of  the  arbitrary  inci¬ 
dent  beam  theory  and  the  computer  program  was  to  again 
choose  an  incident  linearly  polarized  plane  electromagnetic 
wave  but  this  time  with  arbitrary  propagation  direction  and 
arbitrary  electric  field  direction.  As  expected,  the  results 
were  identical  to  that  of  plane-wave  Lorentz-Mie  theory 
after  taking  into  consideration  a  proper  rotation  of  axis. 

Another  verification  was  obtained  by  comparing  the 
time-averaged  power  absorbed  by  the  sphere  as  determined 
from  the  far-field  Poynting  vector  surface  integration  of  Eq. 
(34)  to  the  time-averaged  power  absorbed  as  determined 
from  internal  sphere  ohmic  heating  considerations.  The 
time-average  ohmic  heating  per  unit  volume  within  the 
sphere  is  given  by 

JRe(J•E•)=JtT.„,|E|^  (38) 

where  the  electrical  conductivity  can  be  related 

to  the  complex  index  of  refraction  by 
(T„,  =  4itc  Re(S)Im(n)tuf„,.  An  integration  of  the  time- 
averaged  ohmic  heating  per  volume  over  the  volume  of  the 
sphere  gives  the  total  time-averaged  ohmic  heating: 
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Xsin  6 dd  dr.  (39) 

In  all  cases,  the  results  of  Eqs.  (34)  and  (39)  were  in  agree¬ 
ment. 


IV.  FOCUSED  GAUSSIAN  BEAM  RESULTS 

Calculations  were  performed  for  a  focused  fundamental 
Gaussian  beam  incident  upon  a  water  droplet  in  air  for  con¬ 
ditions  analogous  to  those  of  Fig.  2  (A  =  1.06  fim,  d  =  5.0 
/im.)  A  first-order  focused  fundamental  Gaussian  beam 
model  as  developed  by  Davis"  was  used  for  the  incident  beam 
description.  ( Refer  to  .Appendix  B. )  The  beam  is  assumed  to 
propagate  in  the  -f  z  axis  direction  with  predominate  elec¬ 
tric  field  polarization  along  the  jt  axis  (TEMoq  mode).  Even 
though  this  focused  fundamental  Gaussian  beam  descrip¬ 
tion  does  not  exactly  satisfy  Maxwell’s  equations,  it  was 
found  to  be  a  good  approximation  as  long  as  the  beam  waist 
radius  (iCu)  «  greater  than  a  wavelength.  For  these  calcula¬ 
tions,  abeam  waist  radius  of2/im  (u’t/a  =  0.8)  was  chosen. 

Figure  3  shows  an  equatorial  {y-z)  plane  plot  of  the 
normalized  source  function  for  on-center  focal  point  posi¬ 
tioning.  The  source  function  is  normalized  relative  to  the 
beam  focal  point  electric  field  amplitude.  The  intensity  pro¬ 
file  of  the  incident  Gaussian  beam,  modified  by  some  back- 
scatter  from  the  droplet,  is  apparent  along  the  right-hand 
side  of  the  plot.  The  incident  Gaussian  be_  ..i  .„iculation  of 
Fig.  3  can  be  compared  with  the  corre«Donding  incident 
plane  wave  calculation  of  Fig.  2.  Both  Figs.  2  and  3  indicate  a 
peak  in  the  electric  field  magnitud.  just  off  the  shadow  side 
surface  of  the  droplet,  but  internal  to  the  droplet  the  Gaus¬ 
sian  beam  calculations  indicate  a  much  stronger  channeling 
of  the  beam  energy  through  the  center  of  the  droplet,  as 
might  be  expected. 

The  influence  of  off-center  focal  point  positioning  was 
investigated.  The  time-averaged  power  absorbed  was 
calculated,  using  Eq.  (34),  as  a  function  of  focal  point  posi¬ 
tioning  along  the  x,  v,  and  z  axes.  The  maximum  power  ab- 


FIG.  4.  Normalized  power  absorbed  vs  focal  point  positioning  along  the  z 
axis.  Focused  TE.M„,  mode  Gaussian  beam  incident  upon  a  homogeneous 
sphere.  a=  14.82,  n=  1.33-1-5.0x10-*/,  and  ic„/o  =  0.8  (5-//m-diam 
water  droplet  in  air  at  A  =  1.06  ftm). 


sorbed  was  found  to  occur  for  on-center  focal  point  position¬ 
ing  and  a  normalized  power  absorbed, 

(40) 

was  defined  relative  to  the  on-center  focal  point  positioning 
value, 

W'.bs.FP  =  2.663  X  10-’'(c/8fl-)fl-£^ 

Figure  4  shows  the  normalized  power  absorbed  versus 
focal  point  positioning  along  the  z  axis.  The  power  absorbed 
by  the  droplet  decreases  as  the  focal  point  is  moved  away 
from  the  droplet  center  because  of  the  spreading  of  the  beam. 
For  the  conditions  here,  the  effect  is  nearly  symmetrical  with 
regard  to  illuminated  side  or  shadow  side  focal  point  posi¬ 
tioning.  As  might  be  expected,  as  the  focal  point  is  removed 
from  the  droplet  along  the  z  axis,  the  normalized  source 
function  distribution  internal  and  near-surface  the  droplet 
approaches  that  of  a  plane  wave  due  to  incident  beam 
spreading.  For  example.  Fig.  5  shows  the  equatorial  plane 
normalized  source  function  for  focal  point  positioning  10 


1 


FIG  3,  Normalized  source  funclion  in  the  equatorial  (y«-z)  plane  for  a 
transverse  polarized  TEM,„  mode  focused  Gaussian  beam  propagating  in 
the  -F  z  direction  incident  upon  a  homogeneous  sphere  with  on-center  focal 
point  positioning,  a  =  14.82,  S  =  1.33  +  5.0x  lO"*/,  and  w,/a  -  0.8  (5- 
//m-diam  water  droplet  in  air  at  4  =  1 .06  //m ). 


.-  \ 


no.  5.  Normalized  source  function  in  the  equatorial  (j-z)  plane  for  a 
transverse  polarized  TEM,,,  mode  focused  Gaussian  beam  propagating  in 
•be  -F  z  axis  direction  incident  upon  a  homogeneous  sphere  with  z/ 
o  «  -  10  focal  point  positioning,  a  «  14.82,  3  «  1.33  -F  5.0x  10-''/,  and 
w,/a  «  0.8  ( S-^m-diam  water  droplet  in  air  at  2  1 .06  //m ) . 
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FIG.  6.  Normalized  power  absorbed  vi  focal  point  positioning  along  the  x 
and  ;■  axes.  Focused  TEMoo  mode  Gaussian  beam  incident  upon  a  homoge¬ 
neous  sphere  a  =  14.82,  n  =  1.33  5.0x  10  */,  and  w^/a  =  0.8  C5-/tm- 

diam  water  droplet  in  air  at  2  =  1.06>tm). 


sphere  radii  in  front  of  the  droplet  (z/a  =  —  10)  which 
compares  closely  in  form  with  the  corresponding  incident 
plane  wave  calculation  of  Fig.  2. 

The  normalized  power  absorbed  for  focal  point  posi¬ 
tioning  along  the  x  and  y  axes  is  given  in  Fig.  6.  Again,  as 
expected,  the  power  absorbed  is  reduced  as  the  focal  point  is 
mo\  ed  away  from  the  sphere  center.  For  the  conditions  con¬ 
sidered  here,  the  decrease  in  power  absorbed  is  slightly 
greater  for  focal  point  positioning  parallel  to  the  direction  of 
primary  electric  field  polarization  (along  the  a:  axis)  than  for 
an  equal  distance  perpendicular  to  the  direction  of  primary 
electric  field  polarization  (along  they  axis).  Figure  7  shows 
the  equatorial  plane  source  function  for  focal  point  position¬ 
ing  half  a  radius  along  the  y  axis  iy/a  =  0.5),  and  Fig.  8 
shows  a  similar  plot  for  focal  point  positioning  a  full  radius 
along  they  axis  (at  the  side  of  the  droplet,  y/a  =  1.0).  The 
concentration  of  beam  energy  to  the  side  of  focal  point  posi¬ 


riG.  7.  Normalized  source  function  in  the  equatorial  {y-z)  plane  for  ■ 
transverse  polarized  TEM,„  mode  focused  Gaussian  beam  propagating  in 
the  -f-  ;  axis  direction  incident  upon  a  homogeneous  sphere  with  y/a  »  O.S 
focal  point  positioning,  a  »  14.82,  B  •  1.33  -I-  S.Ox  lO'"/,  and  U!,/a  -  0.8 
( 5-^m-diam  water  droplet  in  air  at  ^  -  1 .06  /um). 


lO.C  “ 


FIG.  8.  Normalized  source  function  in  the  equatorial  O’--!  plane  for  a 
transverse  polarized  TEM„,  mode  focused  Gaussian  beam  propagating  in 
the  +  :  axis  direction  incident  upon  a  homogeneous  sphere  with  y/a  =  1 .0 
focal  point  positioning,  a  =  14.82,  n  =  1.33  S.Ox  10"'’/.  and  w,/a  =  0.8 
(S-/im-diam  water  droplet  in  air  at  /!  =  1 .06  //m). 


tioning  is  apparent  and  the  distribution  of  the  normalized 
source  function  is  quite  different  from  either  that  of  on-cen¬ 
ter  focal  point  positioning  (Fig.  3)  or  that  of  the  incident 
plane  wave  ( Fig.  2 ) . 

The  effect  of  focal  point  positioning  along  the  x  axis  is 
demonstrated  by  the  transverse  (x-z)  plane  normalized 
source  function  plots  of  Figs.  9, 1 0,  and  1 1 .  Figure  9  is  for  on- 
center  focal  point  positioning.  Fig.  10  is  for  focal  point  posi- 
tioniiig  one-half  radius  along  the  x  axis  (x/o  =  0.5),  and 
Fig.  1 1  is  for  focal  point  positioning  one  radius  along  the  x 
axis  ( at  the  top  of  the  droplet,  x/a  =1.0).  The  discontinuity 
in  the  normalized  source  function  at  the  surface  of  the  drop¬ 
let  arises  due  to  the  presence  of  surface  charges,  a  character¬ 
istic  of  such  plots  in  the  plane  of  polarization.  Once  again, 
the  concentration  of  the  beam  energy  towards  the  location  of 
the  focal  point  and  the  effect  on  the  distribution  of  the  nor¬ 
malized  source  function  is  apparent. 


FIG.  9.  Normalized  source  function  in  the  transverse  (x-z)  plane  for  a 
transverse  polarized  TEM,,,  mode  focused  Gaussian  beam  propagating  in 
the  +  zaxis  direction  incident  upon  a  homogeneous  sphere  with  on-center 
focal  point  positioning,  a  >•  14.82,  B  «  1 .33  -f  S.Ox  lO"*/,  and  u^/e  «  0.8 
(S-/im-diam  water  droplet  in  air  at  2  «  1.06 /im). 
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FIG.  10.  Normalized  source  function  in  the  transverse  (.w)  plane  for  a 
transverse  polarized  TEM,*,  mode  focused  Gaussian  beam  propagating  in 
the  +  2  axis  direction  incident  upon  a  homogeneous  sphere  with  x/a  =  0.5 
focal  point  positioning,  a  —  14.82,  h  =  1.33  +  5.0x  lO"**/.  and  u\/a  —  0.8 
(5-/im-diam  water  droplet  in  air  at =  1.06  pm). 


V.  CONCLUSIONS 

Theoretical  expressions  for  the  internal  and  external 
electromagnetic  fields  for  an  arbitrary  electromagnetic  beam 
incident  upon  a  homogeneous  spherical  particle  have  been 
derived  and,  for  the  first  time,  numerical  calculations  of  in¬ 
ternal  and  near-surface  electric  field  magnitude  distribu¬ 
tions  for  a  focused  fundamental  Gaussian  beam  incident 
upon  a  spherical  particle  have  been  presented.  In  particular, 
calculations  for  a  focused  fundamental  Gaussian  beam  of 
1.06/tm  wavelength  and  4/.'m  beam  waist  diameter  incident 
upon  a  5-//m-diam  water  droplet  in  air  indicate  that  the  elec¬ 
tric  field  magnitude  (source  function)  distribution  internal 
and  near-surface  the  droplet  can  be  strongly  dependent  upon 
focal  point  positioning  and  may  dilfer  significantly  from  the 
electric  field  magnitude  distribution  that  results  from  plane- 
wav  e  irradiation.  A  more  thorough  investigation  of  the  de¬ 
pendence  of  power  absorbed  and  electric  field  magnitude 
distribution  on  such  parameters  as  beam  waist  diameter. 


^0 


FIG.  11.  Normalized  source  function  in  the  transverse  (jr-z)  plane  for  a 
transverse  polarized  TEM,,,  mode  focused  Gaussian  beam  propagating  in 
the  +  :  axis  direction  incident  upon  a  homogeneous  sphere  with  x/a  «  1 ,0 
focal  point  positioning.  o=  M.82,n=  1.33 -h  S.Ox  lO^and  U',/o  -  0.8 
(S.|im-diam  water  droplet  in  air  at  4  =  1.06//m). 


beam  focal  p>oint  positioning,  droplet  size,  and  droplet  com¬ 
plex  index  of  refraction,  including  a  comparison  with  experi¬ 
mental  laser  beam/liquid  droplet  explosive  vaporization 
data*’  and  experimental  laser  beam/liquid  droplet  elastic 
and  stimulated  Raman  scattering  data,*'*  will  be  presented  in 
a  later  paper. 

ACKNOWLEDGMENT 

This  work  was  supported  by  the  Army  Chemical  Re¬ 
search  and  Development  Center  under  Contract  No. 
DAAA15-85-K-0001. 


APPENDIX  A:  MAGNETIC  FIELD  EQUATIONS 
Incident  magnetic  field 
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Internal  magnetic  field 
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APPENDIX  B:  FOCUSED  GAUSSIAN  BEAM 
DESCRIPTION 

=  Eod!Z  exp(i/c„,2), 
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Internal  fields  of  a  spherical  particle  illuminated  by  a  tightly  focused  laser 
beam:  Focal  point  positioning  effects  at  resonance 
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The  spherical  particle/arbitrary  beam  interaction  theoo’  developed  in  an  earlier  paper  is  used 
to  investigate  the  dependence  of  structural  resonance  behavior  on  focal  point  positioning  for  a 
spherical  particle  illuminated  by  a  tightly  focused  (beam  diameter  less  than  sphere  diameter), 
linearly  polarized,  Gaussian-profiled  laser  beam.  Calculations  of  absorption  efficiency  and 
distributions  of  normalized  source  function  (electric  field  magnitude)  are  presented  as  a 
function  of  focal  point  positioning  for  a  particle  with  a  complex  relative  index  of  refraction  of 
«  =  1.33  +  5. Ox  10“*/  and  a  size  parameter  of  a=29.5  at  both  nonresonance  and  resonance 
conditions.  The  results  of  the  calculations  indicate  that  structural  resonances  are  not  excited 
during  the  on-center  focal  point  positioning  of  such  a  tightly  focused  beam  but  structural 
resonances  can  be  excited  by  projrer  on-edge  focal  point  positioning.  Electric  wave  resonances 
were  found  to  be  excited  by  moving  the  focal  point  from  on-center  towards  the  edge  of  the 
sphere  parallel  to  the  direction  of  the  incident  beam  electric  field  f>olarization.  Magnetic  wave 
resonances  were  found  to  be  excited  by  moving  the  focal  point  from  on-center  towards  the  edge 
of  the  sphere  perpendicular  to  the  direction  of  the  incident  beam  electric  field  polarization. 


I.  INTRODUCTION 

In  an  earlier  paper,'  theoretical  expressions  for  the  in¬ 
ternal  and  external  electromagnetic  fields  of  a  homogeneous 
spherical  particle  illuminated  by  an  arbitrarily  defined  beam 
were  derived.  In  particular,  calculations  of  absorption  effi¬ 
ciency  and  distributions  of  normalized  source  function 
(electric  field  magnitude)  were  presented  for  a  spherical 
particle  illuminated  by  a  tightly  focused  (beam  diameter  less 
than  sphere  diameter),  linearly  polarized,  Gaussian-pro¬ 
filed,  monochromatic  beam.  This  situation  corresponds  to 
the  important  experimental  arrangement  of  focusing  a  high- 
quality  TEMqo  mode  laser  beam  upon  a  small  liquid  droplet 
in  air  (or  upon  any  suspended  spherical  particle).  In  this 
paper,  additional  calculations  are  presented  in  which  the  ef¬ 
fect  of  beam  focal  point  positioning  on  the  absorption  effi¬ 
ciency  and  internal  normalized  source  function  distribution 
is  investigated  for  spherical  particles  at  structural  resonance 
conditions. 

A  spherical  pa.  licle  has  a  series  of  associated  structural 
resonances  which  can  be  excited  by  incident  radiation.  For 
transparent  (weakly  absorbing)  particles,  resonance  excita¬ 
tion  is  exhibited  by  an  accompanying  significant  increase  in 
the  absorption  and  scattering  of  the  incident  radiation  by  the 
particle.  Resonance  effects  have  been  experimentally  ob¬ 
served  through  measurements  of  elastic  scattering,  inelas¬ 
tic  scattering,^  -'  *  and  radiation  pressure.'"’ 

Plane-wave  Lorenz-Mie  theory  has  been  used  to  under¬ 
stand  and  predict  resonance  behavior,  and  excellent  agree¬ 
ment  with  experimental  measurements  has  been  obtained.’"’ 
However,  plane-wave  theory  is  not  applicable  for  experi¬ 
ments  utilizing  tightly  focused  laser  beams  where  the  local 
beam  diameter  is  less  than  the  spherical  particle  diameter. 
Indeed,  Ashkin  and  Dziedzic'-’  have  reported  that  reso¬ 
nances  are  not  excited  when  such  a  tightly  focused  beam  is 
aligned  through  the  center  of  the  spherical  particle.  But 


Baer*  and  Zhang,  Leach,  and  Chang’  have  observed  in¬ 
creased  resonance  inelastic  scattering  when  a  tightly  focused 
beam  is  aligned  along  the  edge  of  a  spherical  particle. 

In  this  paper,  the  spherical  particle/arbitrary  beam  in¬ 
teraction  theory  developed  in  our  earlier  paper’  is  used  to 
investigate  the  dependence  of  structural  resonance  behav  ior 
on  focal  point  positioning  when  the  beam  diameter  is  tightly 
focused  to  less  than  the  particle  diameter.  Corresponding 
plane-wave  calculations  are  also  presented  for  comparison. 
These  calculations  provide  insight  into  understanding  the 
experimental  observations  stated  in  the  previous  paragraph 
and  also  provide  new  observations  which  could  be  tested  as 
part  of  future  experiments. 

II.  INCIDENT  PLANE-WAVE  CALCULATIONS 

Previous  investigators  have  used  plane-wave  Lorenz- 
Mie  theory  to  analyze  the  structural  resonance  behavior  of 
spherical  particles  and  a  brief  review  of  this  work,  including 
calculations  corresponding  to  the  incident  beam  conditions 
of  the  next  section,  is  useful  here.  In  Lorenz-Mie  theory  a 
plane  wave  of  transverse  polarized  electromagnetic  radi¬ 
ation  propagating  within  an  infinite  homogeneous  dielectric 
medium  is  incident  upon  a  homogeneous  spherical  particle 
of  complex  relative  index  of  refraction  n.  The  spatial  coordi¬ 
nates  are  referenced  to  the  center  of  the  spherical  particle,  as 
shown  in  Fig.  1 .  The  incident  plane  wave  is  assumed  to  prop¬ 
agate  in  the  z-axis  direction  with  electric  field  polariza¬ 
tion  in  the  x-axis  direction. 

Following  the  development  approach  of  the  Lorenz- 
Mie  theory,  the  electromagnetic  field  components  internal 
to  and  scattered  by  the  spherical  particle  can  each  be  math¬ 
ematically  expressed  in  the  form  of  an  infinite  series  of  par¬ 
tial  waves.  The  partial  waves,  in  turn,  are  of  two  types:  elec¬ 
tric  waves,  which  have  no  radial  component  of  magnetic 
field,  and  magnetic  waves,  which  have  no  radial  component 
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FIG.  1.  Geometry  for  a  plane-wave  or  focused  Gaussian  beam  incident 
upon  a  spherical  particle. 


of  electric  field.  Series  expressions  for  the  scattered  electro¬ 
magnetic  fields,  including  a  complete  derivation,  can  be 
found  in  Bom  and  Wolf,'®  and  series  expressions  for  the 
internal  electromagnetic  field  components  can  be  found  in 
Kerker  and  Cooke. '  ‘ 

The  coefficient  for  the  /  th  electric  wave  term  within  the 
scattered  field  series  is  given  by 

and  the  coefficient  for  the  /  th  magnetic  wave  term  within  the 
scattered  field  series  is  given  by 

I, 

where  the  prime  refers  to  the  derivative  with  respect  to  the 
argument,  IJ"  =  ipi  —  i'Xk  <^’/.and;t',  are  the  Riccati-Bessel 
functions,  and  a  is  the  size  parameter,  lira/ A,  where  a  is  the 
sphere  radius  and  A  is  the  wavelength  of  the  incident  radi¬ 
ation. 

Conditions  for  I  th  mode  electric  wave  structural  reso¬ 
nance  can  be  determined  by  setting  the  denominator  of  a, 
equal  to  zero  and,  likewise,  conditions  for  /  th  mode  magnetic 
wave  structural  resonance  can  be  determined  by  setting  the 
denominator  of  b,  equal  to  zero.  (The  c,,  d,  coefficients  for 
the  internal  field  have  the  same  respective  denominators  as 
the  a,,  b,  coefficients  of  the  scattered  field,  thus  the  condi¬ 
tions  for  internal  field  structural  resonance  are  identical  to 
the  conditions  for  the  scattered  field  structural  resonance. ) 
For  a  specified  value  of  n,  the  solution  of  these  equations 
requires  a  complex  size  parameter,  the  imaginary  part  of 
which  describes  the  strength  and  width  of  the  resonance  (in 
electrical  circuit  analogy,  the  Q  of  the  resonance)  and  the 
real  part  of  which  corresponds  (approximately)  to  the  actu¬ 
al  sphere  radius/incident  wavelength  combination  at  which 
the  resonance  occurs.  There  is  an  infinite  sequence  of  roots 
for  each  equation,  with  the  root  having  the  smallest  real  part 
designated  as  the  first-order  resonance,  the  root  having  the 
next  to  smallest  real  part  designated  as  the  second-order  res¬ 
onance,  and  so  on,'^  ”  '^ 

To  illustrate  resonance  behavior,  calculations  were  per¬ 
formed  for  a  spherical  particle  in  air  with 
n  =  1.33  +  5.0x  10“‘i  and  a  values  of  the  order  of  29.5. 
These  parameters  correspond  to  an  approximately  10-/zm- 


diam  water  droplet  with  1.06-/tm  (Nd:YAG  laser)  wave¬ 
length  illumination.  The  absorption  efficiency  of  the  particle 
0,^,  defined  as  the  ratio  of  the  total  power  absorbed  by  the 
particle  to  the  power  incident  upon  the  projected  area  of  the 
particle,  can  be  expressed  in  terms  of  the  incident  plane-wave 
coefficients 

i  (2/-l-l)[Re(fl, -)-/>,) 

a  I 

(3) 

and  is  given  in  Fig.  2  for  a  range  of  size  parameters  from  28  to 
32.  Each  peak  in  absorption  efficiency  seen  in  Fig.  2  can  be 
directly  related  to  the  first-order  resonance  indicated.  High¬ 
er-order  resonances  of  lower  modes  are  also  present  within 
this  range  of  size  parameters,  but  are  weak  and  not  observ¬ 
able.  As  discussed  by  Chylek,  Kiehl,  and  Ko,’’  ”  for  larger 
size  parameters  the  first-order  resonances  become  narrow 
while  the  higher-order  (second,  third,  etc.)  resonances 
heighten  and  become  dominant. 

Plots  of  the  normalized  source  function  within  the 
spherical  particle  provides  additional  information  with  re¬ 
gard  to  the  formation  of  structural  resonances.  The  normal¬ 
ized  source  function  is  defined  as 

S=iEp/£?,  (4) 

where  E  is  the  local  electric  field  vector  and  Eq  is  the  electric 
field  amplitude  of  the  incident  plane  wave.  The  local  volu¬ 
metric  heating  rate  is  directly  proportional  to  the  normal¬ 
ized  source  function.  In  this  paper,  plots  of  the  internal  nor¬ 
malized  source  function  distribution  are  presented  either  in 
the  transverse  (x-z)  plane  or  the  equatorial  (y-z)  plane.  Ex¬ 
ternal  sphere  source  function  values  are  suppressed  to  zero 
in  order  to  emphasize  the  internal  sphere  distribution  and 
spatial  coordinates  are  normalized  by  the  sphere  radius.  (A 
tilde  above  a  spatial  quantity  indicates  that  it  has  been  nor¬ 
malized  relative  to  the  particle  radius  a. ) 

To  compare  internal  sphere  source  function  distribu¬ 
tions  at  nonresonance,  electric  wave  resonance,  and  magnet¬ 
ic  wave  resonance  conditions,  calculations  were  performed 
for  the  nonresonance  case  of  a  =  29.5,  the  adjacent  34th 
mode,  first-order  electric  wave  resonance  case  of 
a  =  29.753,  and  the  adjacent  34th  mode,  first-order  magnet¬ 
ic  wave  resonance  case  of  a  =  29.365  (refer  to  Fig.  2). 
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FIG.  2.  Absorption  efficiency  vs  size  parameter  Tor  a  plane  «ave  incident 
upon  a  spheric^  particle.  B  «  1.33  -b  J.Ox  I0“*i. 
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Calculations  for  plane-wave  illumination  are  shown  in 
Figs.  3-6.  Figure  3  is  the  normalized  source  function  in  the 
transverse  (x-z)  plane  for  the  nonresonance  case  of 
a  =  29.5.  An  equatorial  0’-^)  plane  plot  for  the  same  non¬ 
resonance  case  is  given  in  Fig.  4.  For  the  34th  mode,  first- 
order  electric  wave  resonance,  it  was  found  that,  though 
there  was  insignificant  difference  in  the  equatorial  plane  nor¬ 
malized  source  function  distribution  in  comparison  with  the 
nonresonance  case  (Fig.  4),  there  was  a  significant  increase 
in  the  normalized  source  function  in  the  transverse  plane,  as 
shown  in  Fig.  5.  For  the  34th  mode,  first-order  magnetic 
wave  resonance,  little  difference  with  the  nonresonance  case 
was  observed  in  the  transverse  plane,  but  a  significant  in¬ 
crease  in  normalized  source  function  was  present  in  the 
equatorial  plane,  as  shown  in  Fig.  6.  In  general,  it  was  found 
that  electric  wave  resonances  were  excited  predominately  in 
the  transverse  plane  (parallel  to  the  direction  of  incident 
electric  field  {polarization)  and  magnetic  wave  resonances 
were  excited  predominately  in  the  equatorial  plane  (perpen¬ 
dicular  to  the  direction  of  incident  electric  field  polariza¬ 
tion)  for  plane-wave  illumination. 

The  ring  formation  of  the  normalized  source  function 
just  inside  the  surface  of  the  sphere  for  the  plane-wave  illu¬ 
mination  resonance  cases,  seen  in  Figs.  5  and  6,  was  reported 
by  Chylek,  Pendleton,  and  Pinnick,'*  who  also  observed 
that,  in  general,  an  I  th  mode  resonance  will  have  11  peaks 
arou  A  the  circumference,  which  is  the  case  here.  A  physical 
exr  anation  for  the  occurrence  of  structural  resonances, 
which  is  consistent  with  the  ring  formation  of  the  normal¬ 
ized  source  function  just  beneath  the  surface  of  the  particle, 
is  the  "surface  wave”  description  first  proposed  by  van  de 
Hulst'*’  and  later  discussed  by  other  investigators.  van  de 
Hulst  proposed  that  structural  resonances  occur  when  sur¬ 
face  waves  constructively  interfere  about  the  circumference 
of  the  particle. 

III.  INCIDENT  BEAM  CALCULATIONS 

The  theory  of  our  earlier  paper'  was  used  to  investigate 
structural  resonance  behavior  for  a  spherical  particle  illumi¬ 
nated  by  a  tightly  focused  laser  beam  as  a  function  of  focal 
point  {Positioning.  A  focused,  linearly  polarized,  Gaussian- 
profiled,  monochromatic  beam  (a  "focused  Gaussian 
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FIG.  3  Normalized  source  function  in  the  transverse  {x-z)  plane  for  t 
transverse  (jt  direction)  polarized  plane  wave  propagating  in  the  +  z-aais 
direction  incident  upon  a  sphere  with  5  =  1.33  -(•  S.Ox  lO"*/ and  a  =  29. S 
(nonresonance). 
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FIG.  4.  Normalized  source  function  in  the  equatorial  O'-r)  plane  for  a 
transverse  (x  direction)  polarized  plane  wave  propagating  in  the  r-axis 
direction  incident  upon  a  sphere  with  H  =  1.33  +  S.Ox  10“*/ and  a  =  29.5 
(nonresonance). 

beam”)  propagating  in  the  -I-  z-axis  direction  and  linearly 
polarized  in  the  x-axis  direction  (refer  to  Fig.  1 )  is  assumed. 
The  beam  was  expressed  mathematically  using  the  first-or¬ 
der  corrected  paraxial  beam  description  of  Davis.  The 
coordinates  (Xq.A'o,  Zq)  are  used  to  indicate  the  position  of 
the  center  of  the  spherical  particle  relative  to  the  focal  point 
of  the  beam. 

That  an  arbitrary  beam  can  excite  the  same  structural 
resonances  as  a  plane  wave  is  physically  reasonable,  and  is 
also  confirmed  mathematically.  As  discussed  in  our  earlier 
paper,'  the  derivation  approach  for  the  arbitrary  beam  inci¬ 
dent  upon  a  homogeneous  spherical  particle  theory,  similar 
to  the  Lorenz-Mie  approach,  is  to  express  the  internal  and 
scattered  electromagnetic  fields  of  the  spherical  particle  in 
the  form  of  an  infinite  series  of  electric  and  magnetic  waves. 
However,  unlike  the  plane-wave  Lorenz-Mie  solution,  the 
most  general  series  form  is  chosen.  The  result  is  a  nested 
series  with  each  radial  mode  /  having  (2/  -b  1 )  associated 
angular  modes.  (For  each  radial  mode  /  the  angular  mode 
index  m  may  have  integer  values  from  —  /  to  +  1.)  The 
coefficients  of  the  scattered  field  electric  wave  and  magnetic 
wave  /  th  radial  mode,  mth  angular  mixle  terms,  taken  from 
our  earlier  paper,'  are,  respectively. 


FIG.  5.  Nonnalized  source  function  in  the  transverse  (jt-r)  plane  for  a 
transverse  (x  direction)  polarized  plane  wave  propagating  in  the  +  ;-axis 
direction  incident  upon  a  sphere  with  S  =  1.33  +  S.Ox  I0"''i  and 
a  =  29.753  (34th  mode,  first-order  electric  wave  resonance).  (.Note;  Nor¬ 
malized  source  function  truncated  for  values  exceeding  1(X). ) 


2902 


J  AppI  Phys..  Vol  65.  No.  8, 15  April  1989 


Barton,  Alexandar.  and  Schaub 


2902 


100  - 


(/) 


FIG.  6.  Normalized  source  function  in  the  equatorial  (,y-z)  plane  for  a 
transverse  (jt  direction)  polarized  plane  wave  propagating  in  the  +  z-axis 
direction  incident  upon  a  sphere  with  S  =  1.33  +  5.0x  lO”*!  and 
a  =  29.365  (34th  mode,  first-order  magnetic  wave  resonance).  (Note: 
Normalized  source  function  truncated  for  values  exceeding  100.) 


(5) 

and 

^In,  =  ~  ^l^lm  >  (6) 

where. 4 and  are  incident  field  coefficients,  the  value 
of  which  are  dependent  upon  the  character  of  the  incident 
beam,  and  a,  and  b/  are  the  Lorenz-Mie  plane-wave  coeffi¬ 
cients  given  in  Eqs.  (1)  and  (2).  Since  the  scattered  field 
electric  wave  and  magnetic  wave  mode  coefficients  of  the 
arbitrary’  beam  theory  are  proportional  to  the  respective 
plane-wave  coefficients,  structural  resonance  occurs  at  the 
same  size  parameters  for  arbitrary  beam  illumination  as  for 
plane-wave  illumination.  However,  unlike  the  plane-wave 
resonance  case,  a  particular  beam  radial  resonance  mode  has 
associated  with  it  ( 2/  -f  1 )  angular  modes.  The  relative  exci¬ 
tation  of  each  of  these  angular  modes  depends  upon  the  char¬ 
acter  of  the  incident  beam. 

Beam  calculations  were  performed  for  the  same 
n  =  1.33  -f  5.0x  10“'’;',  a~29.5  conditions  that  were  used 
for  the  plane-wave  calculations  of  the  previous  section.  A 
constant  beam  waist  radius  of  Wq  =  1 . 887/.  was  chosen.  ( For 
A  =  1 .06-^m  illumination,  this  would  correspond  to  a  4-/;m 
waist  diameter  beam  incident  upon  an  ~  10-/zm-diam  parti¬ 
cle. ) 

To  explore  the  general  effect  of  beam  focal  point  posi¬ 
tioning  on  structural  resonance  excitation,  the  spherical  par¬ 
ticle  absorption  efficiency  was  calculated  for  focal  point  po¬ 
sitioning  along  the  x,  y,  and  z  axes  of  the  spherical  particle. 
A  modified  absorption  efficiency  0,^,,  defined  as  the  ratio  of 
the  power  absorbed  by  the  spherical  particle  to  the  total  pow- 
er  of  the  incident  beam,  was  utilized.  An  expression  for  the 
power  absorbed  by  the  particle  was  given  in  our  earlier 
paper.'  Dividing  this  expression  by  the  total  power  of  the 
incident  beam 

{c/\(>)EWo  . 

where,  here,  is  the  electric  field  amplitude  at  the  beam 
focal  point,  provides  a  scries  expression  for  the  modified  ab¬ 
sorption  efficiency 
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+  Re(Ai„aT„+B,„bl,)].  (7) 

Figure  7  shows  the  modified  absorption  efficiency  for 
thea  =  29.5  (nonresonance), a  =  29.15'i  (34th  mode,  first- 
orderelectric  wave  resonance),  and  a  =  29.365  (34th  mode, 
first-order  magnetic  wave  resonance)  cases  for  incident 
beam  focal  point  positioning  on  the  particle’s  x  axis 
(0.0<  —  ito<2.0,  po  —  0.0,  Zq  =  0.0).  .As  can  be  observed, 
the  modified  absorption  efficiency  is  approximately  equal 
for  all  three  cases  for  focal  point  positioning  near  the  center 
of  the  particle,  but  as  the  focal  point  of  the  beam  is  moved 
along  the  x  axis  towards  the  surface  of  the  particle,  the  modi¬ 
fied  absorption  efficiency  increases  for  the  electric  wave  res¬ 
onance  case  until  it  peaks  at  a  focal  point  position  just  out¬ 
side  the  particle  surface  before  decreasing  to  zero  as  the 
beam  is  moved  on  away  from  the  particle.  In  contrast,  the 
modified  absorption  efficiency  for  the  nonresonance  and 
magnetic  resonance  cases  decrease  monotonically  as  the 
beam  focal  point  position  is  moved  away  from  the  particle 
center. 

Figure  8  presents  the  modified  absorption  efficiency  for 
the  same  three  cases  presented  in  Fig.  7,  but  for  beam  focal 
point  positioning  along  the  axis  {x^  =  0.0,  0.0<  —  >’(,<2.0, 
Zg  =  0.0).  In  this  arrangement,  it  is  the  magnetic  wave  reso¬ 
nance  that  is  excited  as  the  beam  is  moved  from  the  center 
towards  the  particle  surface,  while  the  nonresonance  and 
electric  wave  resonance  cases  decrease  monotonically. 

The  lack  of  resonance  excitation  for  on-center  focal 
point  positioning  is  consistent  with  the  obsen  aiion  of  .Ash- 
kin  and  Dziedzic^’^  that  resonances  in  radiation  pressure  did 
not  appear  for  beams  tightly  focused  through  the  center  of  a 
droplet.  The  excitation  of  resonance  for  beam  focal  point 
positioning  near  the  surface  of  the  spherical  particle  may 
explain  the  observations  of  Baer"  and  Zhang  and  co¬ 
workers’  which  indicated  that  increased  resonance  inelastic 
scattering  can  be  obtained  using  such  edge  illumination.  .Ap¬ 
parently,  to  excite  a  structural  resonance  with  a  tightly  fo¬ 
cused  beam  it  is  necessary  to  position  the  focal  point  of  the 
beam  near  the  resonance  ring  formation  that  occurs  for 
plane-wave  illumination.  According  to  van  de  Hulsi's  sur- 


FIG.  7.  Modified  tbsorption  efficiency  vs  focal  point  positioning  along  the  x 
axis.  Transverse  (a  direction)  polarized  focused  Gaussian  beam  incident 
upon  a  sphere,  n  «  1.33-1-  5.0x  10“*i.  =  1 1.86.  anda  =  29.365. 29.5. 

and  29.753. 
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FIG.  8.  Modified  absorption  efficienc}'  vs  focal  point  positioning  along  the>' 
axis.  Transverse  (x  direction)  polarized  focused  Gaussian  beam  incident 
upon  a  sphere,  n  =  1.33  +  5.0x  10"'’i,  £„a  =  11.86,  and  a  =  29.365, 29.5, 
and  29.753. 


FIG.  9.  Modified  absorption  efficiency  vs  focal  point  positioning  along  thez 
axis.  Transverse  (x  direction)  polarized  focused  Gaussian  beam  incident 
upon  a  sphere,  n  =  1.33  +  5.0X  10"'’/,  Wifi  =  11.86,  and  o  =  29..365, 29.5, 
and  29.753. 


face  wave  description,  edge  illumination  is  required  to  create 
the  surface  waves  that  constructively  interfere  to  create  the 
resonance. 

In  general,  the  calculations  presented  in  Figs.  7  and  8 
also  suggest  that  only  electric  wave  resonances  are  excited 
for  edge  illumination  in  the  direction  of  incident  electric  field 
polarization  and  only  magnetic  wave  resonances  are  excited 
for  edge  illumination  perpendicular  to  the  direction  of  inci¬ 
dent  electric  field  polarization.  This  observation,  which  was 
verified  for  the  other  resonance  modes  shown  in  Fig.  2,  could 
be  tested  experimentally. 

Another  interesting  observation  is  that  the  peak  in 
structural  resonance  excitation  occurs  for  beam  focal  point 
posiuoning  outside  the  surface  of  the  spherical  particle.  .A 
possible  physical  explanation  for  this  may  lie  within  the  “lo¬ 
calization  principle"  discussed  by  van  de  Hulst'*  in  which  he 
indicates  that,  for  radii  much  greater  than  a  wavelength,  the 
/th  partial  wave  may  be  associated  with  a  ray  passing 
through  a  radial  position 

r=(/+l/2)/a  (8) 

from  the  particle  center.  (Grehan  and  co-workers‘“''  have 
applied  the  localization  principle  to  provide  a  mathematical¬ 
ly  simple,  but  approximate,  determination  of  the  interaction 
coefficients  for  their  generalized  Lorenz-Mie  theory 
(GLMT)  analysis.]  Since  for  an  /  th  mode  structural  reso¬ 
nance,  it  is  the  /  th  partial  wave  that  is  in  resonance,  a  beam 
that  is  predominately  characterized  by  that  particular  par¬ 
tial  wave  will  excite  the  structural  resonance.  For  the  calcu¬ 
lations  considered  here  with  /=  34,  Eq.  (7)  gives  r=  1.160 
for  the  a  =  29.753,  electric  wave  resonance  case,  and 
7=  1.175forthea  =  29.365,  magnetic  wave  resonance  case. 
The  peaks  in  the  curves  of  Figs.  7  and  8  correspond  approxi¬ 
mately  with  these  respective  v  alues.  It  appears  then  that  van 
de  Hulst’s  localization  principle  as  expressed  in  Eq.  (6)  can 
be  used  to  predict  the  approximate  beam  focal  point  posi¬ 
tioning  for  maximum  structural  resonance  excitation  for  an 
arbitrary  /th  mode  resonance.  This  observation  was  also 
verified  for  several  other  complex  relative  index  of  refraction 
and  resonance  mode  number  combinations. 

The  modified  absorption  efficiency  for  focal  point  posi¬ 
tioning  along  the  z  axis  (the  incident  beam  propagation  axis) 
for  the  nonresonance,  electric  wave  resonance,  and  magnetic 
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wave  resonance  cases  is  given  in  Fig.  9.  For  the  nonreso¬ 
nance  case,  the  modified  absorption  efficiency  decreases 
monotonically  as  the  beam  focal  point  is  moved  away  from 
the  spherical  particle  due  to  the  spreading  of  the  beam  inci¬ 
dent  upon  the  particle.  However,  for  the  resonance  cases, 
moving  the  focal  point  of  the  tightly  focused  beam  a  relative¬ 
ly  short  distance  away  from  the  center  of  the  sphere  can 
actually  increase  the  modified  absorption  efficiency  when 
the  beam  spreads  so  as  to  provide  illumination  along  the 
edge  of  the  sphere  that  excites  the  structural  resonances. 

In  general  it  was  found,  as  was  the  case  for  plane-wave 
illumination,  that  electric  wave  resonances  were  predomi¬ 
nately  excited  in  the  transverse  plane  (parallel  to  the  direc¬ 
tion  of  incident  polarization)  and  magnetic  wave  resonances 
were  predominately  excited  in  the  equatorial  plane  (perpen¬ 
dicular  to  the  direction  of  incident  polarization).  The  nor¬ 
malized  source  function  distribution  in  the  transverse  (x-z) 
plane  for  the  focused  Gaussian  beam  positioned  at  the  lop 
edge  of  the  particle  (Xo=  —  1.0,  yo  =  0  0.  ro  =  0.0)  is 
shown  in  Fig.  10  for  the  nonresonance  case  and  in  Fig.  1 1  for 
the  electric  wave  resonance  case.  The  normalized  source 
function  distribution  in  the  equatorial  (y-z)  plane  for  the 
focused  Gaussian  beam  positioned  at  the  right  edge  of  the 
particle  (Xq  =  0.0,  J’o  =  —  1.0,  Zg  =  0.0)  is  shown  in  Fig.  12 
for  the  nonresonance  case  and  in  Fig.  1 3  for  the  magnetic 


FIG.  10.  Normalized  source  function  in  the  transverse  (x-z)  plane  for  a 
transverse  (x  direction)  polarized  focused  Gaussian  beam  incident  upon  t 
sphere  at  nonresonance.  5  «  1.33  +  5.0  x  10"*/,  i^,  =  0  402,  io  ”  -10. 
Xo  -  0.0,  «  0.0.  and  a  -  29.5. 
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FIG.  1 1.  Normalized  source  function  in  the  transverse  (z-c)  plane  for  a 
transverse  (x  direction)  polarized  focused  Gaussian  beam  incident  upon  a 
sphere  at  electric  wave  resonance.  n=  1.33  +  J.Ox  10'''i.  uiu  =  0.399, 
=  —  1 .0.  .f(,  =  0.0,  z„  =  0.0,  and  a  =  29.753. 

wave  resonance  case.  For  the  resonance  cases  of  Frgs.  1 1  and 
1 3  the  beam  excites  a  structural  resonance  producing  a  ring 
of  increased  normalized  source  function  just  inside  the  sur¬ 
face  of  the  particle  somewhat  similar  to  the  ring  formation 
observed  for  plane-wave  resonance  illumination  ( Figs.  5  and 
6).  However,  the  ring  formation  for  resonance  beam  illumi¬ 
nation  does  not  exhibit  the  II  circumferential  peaks  that 
were  observed  for  resonance  plane-wave  illumination  but 
consists  more  of  a  solid  ring.  The  difference  in  ring  structure 
between  the  resonance  plane  wave  and  resonance  beam  cases 
is  a  consequence  of  the  fact  that  for  the  plane-wave  reso¬ 
nance  only  a  single  angular  mode  is  “excited”  while  for  beam 
resonance  a  series  of  angular  modes  (  —  /<w<  +  I)  can  be 
excited. 

IV.  SUMMARY 

The  theory  of  our  earlier  paper'  has  been  used  to  investi¬ 
gate  the  structural  resonance  behavior  of  a  spherical  particle 
illuminated  by  a  tightly  focused  Gaussian  beam.  For  the 
n  =  1.33  -t-  5.0x  10“*/,  0  =  29.5,  and  Wq  =  1.887/i  condi¬ 
tions  considered  here,  it  appears  that: 

( 1 )  Electric  wave  resonances  are  excited  predominately 
in  the  transverse  plane  ( parallel  to  the  direction  of  incident 
electric  field  polarization)  and  magnetic  wave  resonances 


FIG.  12.  Normalized  source  function  in  the  equatorial  iy-z)  plane  for  a 
transverse  (x  direction)  polarized  focused  Gaussian  beam  incident  upon  a 
sphere  at  nonresonance.  S  =  1.33  +  5  Ox  lO'"!,  0.402.  x„  =  0.0. 

-  1.0,  =  0.0,  and  a  =  29.5. 


FIG.  13.  Normalized  source  function  in  the  equatorial  O’-:)  plane  for  a 
transverse  (x  direction)  polarized  focused  Gaussian  beam  incident  upon  a 
sphere  at  magnetic  wave  resonance.  «  =  1.33  -y  5.0x  10“‘’i,  So  =  0.404, 
x„  =  0.0.  ^0  =  —  1 .0,  Zo  =  0.0,  and  a  =  29.365. 

are  excited  predominately  in  the  equatorial  plane  (perpen¬ 
dicular  to  the  direction  of  incident  electric  field  polariza¬ 
tion). 

(2)  Structural  resonances  are  not  excited  for  on-center 
focal  point  positioning,  but  can  be  excited  by  on-edge  focal 
point  positioning. 

(3)  Electric  wave  resonances  are  excited  for  on-edge 
illumination  in  the  direction  of  incident  electric  field  polar¬ 
ization  and  magnetic  wave  resonances  are  excited  by  on- 
edge  illumination  perpendicular  to  the  direction  of  incident 
electric  field  polarization. 

(4)  van  de  Hulsfs  “localization  principle”  can  be  used 
to  predict  the  approximate  radial  location  for  focal  point 
positioning  that  will  provide  maximum  excitation  of  an  arbi¬ 
trary  /  th  mode  structural  resonance. 

(5)  The  2/  circumferential  peaks  in  the  ring  formation 
of  normalized  source  function  that  occurs  for  plane-wave 
resonance  are  not  exhibited  for  on-edge  beam  resonance  ex¬ 
citation. 

Observation  ( 2 )  has  already  been  verified  by  the  experi¬ 
ments  of  Ashkin  and  Dziedzic.^’’  Observations  (1),  (3), 
(4),  and  (5)  could  be  tested  as  part  of  future  experiments. 
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Focused  laser  beam  interactions  with  methanol  droplets: 
effects  of  relative  beam  diameter 


Scott  A.  Schaub,  Dennis  R.  Alexander,  John  P.  Barton,  and  Mark  A.  Emanuel 


The  effect  of  the  local  diameter  of  a  focused  CO;  laser  beam  on  calculated  internal  source  function  distribu¬ 
tions  and  experimentally  observed  explosive  characteristics  is  examined  for  165->im  spherical  methanol 
droplets.  Experimental  results  show  that  the  location  and  the  characteristics  of  the  explosive  process  change 
as  the  droplet  is  moved  out  of  the  laser  focal  point  along  the  axis  of  propagation.  Theoretical  calculations 
indicate  that,  when  the  beam  diameter  is  of  the  same  order  of  magnitude  as  the  droplet  diameter,  a 
modification  of  Mie  theory,  accounting  for  the  finite  beam  size  of  the  laser,  is  necessary  to  provide  results 
which  are  consistent  with  experimental  observations. 


I.  Introduction 

When  investigating  the  interaction  of  high  energy 
laser  beams  with  aerosol  droplets,  the  effect  of  the 
finite  diameter  of  focused  laser  beams  is  of  interest.  In 
cases  where  the  beam  diameter  is  significantly  larger 
than  the  droplet  diameter,  the  plane  wave  approxima¬ 
tion  is  apparently  valid.  However,  in  situations  when 
the  beam  diameter  is  of  the  same  order  of  magnitude  as 
the  droplet  diameter,  the  validity  of  plane  wave  theory 
is  uncertain.  This  situation  is  frequently  encountered 
in  experimentation’'^  since  the  use  of  focused  laser 
beams  is  often  necessary  to  obtain  sufficiently  high 
laser  intensities.  In  this  paper  the  differences  that 
plane  wave  and  focused  laser  beams  have  on  the  laser- 
aerosol  interaction  for  165-Mm  spherical  methanol 
droplets  are  examined  from  both  a  theoretical  and 
experimental  viewpoint. 

If.  Theory 

The  theoretical  development  for  a  plane  electromag¬ 
netic  wave  incident  on  a  homogeneous  absorbing 
sphere  was  first  presented  by  Mie^  in  1908  and  by 
Debye*  in  1909.  This  mathematical  solution  has  been 
used  extensively  in  attempts  to  better  understand  the 
interaction  between  laser  light  and  spherical  aerosol 
particles.  The  extension  of  Mie  theory  to  arbitrary 
incident  beams,  has  been  presented  in  detail  by  Barton 
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et  al.^  and  allows  the  calculation  of  both  the  internal 
and  externa]  electric  and  magnetic  fields  for  any  arbi¬ 
trary  incident  beam  for  which  an  accurate  mathemati¬ 
cal  description  is  known.  The  fundamental  (TEMoo 
mode)  Gaussian  beam  description  used  in  this  paper 
has  been  derived  by  Davis."  In  the  theoretical  calcula¬ 
tions  to  follow,  only  the  first-order  corrections,  as  pre¬ 
sented  by  Davis,  are  used  in  the  description  of  the 
incident  Gaussian  beam.  This  beam  description  has 
been  applied  to  a  similar  Gaussian  beam/spherical 
particle  interaction  analysis*  and  has  provided  accu¬ 
rate  results  as  long  as  the  wavelength  is  small  com¬ 
pared  to  the  laser  beam  diameter. 

III.  Experimental 

In  the  experimental  arrangement  shown  in  Fig.  1,  a 
cw  CO2  laser  (.Advanced  Kinetics  model  MIRL-100) 
operating  at  a  wavelength  of  10.6  /zm  in  the  fundamen¬ 
tal  TEMoo  mode  is  focused  to  a  beam  waist  diameter, 
2u  o.  of  ~120  Aim.  (The  beam  diameter  is  expressed  as 
2w  where  u-  represents  the  radial  location  at  which  the 
laser  intensity  falls  to  l/e^,  its  value  along  the  propaga¬ 
tion  axis.  Quantities  subscripted  with  0  are  evaluated 
at  the  focal  point  of  the  laser.)  Monodisperse  spheri¬ 
cal  droplets  are  generated  using  a  vibrating  orifice 
generator  (TSI  model  3450)  and  fall  through  the  laser 
beam  while  being  simultaneously  imaged  using  a 
pulsed  N2  laser  system  (X  =  337  nm,  10-ns  FWHM). 
By  changing  the  vibrating  frequency  and  the  orifice 
size  of  the  generator,  drops  from  ~20  to  500  tim  can  be 
generated.  The  characteristics  of  the  explosion  phe¬ 
nomena  are  observed  by  viewing  real  time  images  of 
the  drop  explosions  utilizing  the  N2  imaging  system. 
These  images,  obtained  using  10-ns  illumination 
pulses,  can  be  viewed  at  various  time  interv'als  during 
the  explosion  process.  In  addition  to  prodding  a 
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Fig.  1.  Schematic  of  the  experimental  conriguration. 


Fig.  2.  Interaction  of  a  165-Mm  methanol  droplet  (n  =  1.395  + 
0.0163i)  with  X  »  10.6-m<i>  radiation  at  an  incident  laser  intensity  of 
~100  kW/cm^.  The  droplet  is  located  at  the  laser  focal  point  (2u.  = 
120  lira);  the  laser  is  propagating  from  left  to  right. 


means  for  visualizing  the  explosion  process,  the  N2 
imaging  system  also  allows  for  accurate  determination 
of  particle  size  using  a  real  time  digitizer  and  particle 
sizing  software.® 

IV.  Results 

The  liquid  used  for  the  experiments  considered  here 
was  methanol  which  has  a  complex  refractive  index  of 
n  =  1.395  +  0.0163i  (Ref.  10)  at  an  incident  wavelength 
of  10.6  Min.  Figure  2  shows  the  explosive  characteris¬ 
tics  of  a  165-Mni  methanol  droplet  located  at  the  laser 
focal  point.  Figure  3  shows  the  same  size  methanol 
drop  which  has  been  positioned  ~7  mm  behind  the 
laser  focal  point  In  these  photographs,  the  CO2  laser 
is  propagating  from  left  to  right.  For  both  the  focal 
point  and  7-mm  cases,  the  laser  power  was  adjusted  to 
a  level  slightly  above  that  required  to  initiate  explosive 
behavior.  The  laser  intensities  corresponded  to  ~100 
kW/cm^  for  the  focal  point  case  and  15  kW/cm*  for  the 
7-mm  case.  Examining  Fig.  2,  it  is  apparent  that  at 
this  stage  of  the  drop  explosion,  the  illuminated  hemi¬ 
sphere  of  the  droplet  has  been  fragmented  extensively 
while  the  shadow  hemisphere  of  the  drop  remains  com¬ 
pletely  intact.  Note  that  the  beam  diameter  (120  ^m) 


Fig.  3.  Interaction  of  a  165->im  methanol  droplet  (n  *  1.395  + 
0.0163i)  with  X  =  10.6-Aim  radiation  at  an  incident  laser  intensity  of 
—15  kW/cm^.  The  droplet  is  located  -7  mm  behind  the  laser  focal 
point  (2u-  =  800  /im);  the  laser  is  propagating  from  left  to  right. 


Fig.  4.  Schematic  of  the  geometry  used  for  the  theoretical 
calculations. 


is  smaller  than  the  droplet  diameter  (165  pm)  for  the 
focused  beam  case  shown  in  Fig.  2.  In  contrast.  Fig.  3 
shows  the  same  size  methanol  droplet  located  7  mm 
behind  the  laser  focal  point.  This  location  would  cor¬ 
respond  to  a  beam  diameter  of  ~800  pm  which  is 
significantly  larger  than  the  droplet  diameter  and 
more  closely  approximates  plane  wave  illumination. 
At  this  position,  the  shadow  hemisphere  of  the  droplet 
is  the  first  to  show  evidence  of  explosive  vaporization. 
These  observations  suggest  that  the  size  of  the  laser 
beam  relative  to  the  droplet  diameter  has  a  direct 
effect  on  the  explosive  characteristics  of  large  metha¬ 
nol  droplets. 

The  geometry  used  for  the  theoretical  calculations  is 
shown  in  Fig.  4.  A  stationary  particle  of  radius  a, 
located  at  an  arbitrary  position  (xo0'o<2o)  is  illuminated 
by  a  fundamental  Gaussian  beam  propagating  in  the 
-hz  direction  with  linear  polarization  in  the  x  direction. 
Although  the  experimental  obserx’ations  shown  in 
Figs.  2  and  3  were  obtained  using  a  stream  of  droplets 
falling  through  a  focused  laser  beam,  certain  qu^ta- 
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Fig.  5.  Computer  generated  plot  of  the  normalized  internal  source 
function  distribution  within  a  165-«ra  methanol  droplet  (n  =  1.395  + 
0.0163i)  illuminated  by  a  plane  wave  (A  =  10.6  *im). 


Fig.  6.  Computer  generated  plot  of  the  normalized  internal  source 
function  distribution  within  a  165-Mm  methanol  droplet  (n  =  1.395  + 
0.0163/)  illuminated  by  a  Gaussian  beam  (X  =  10.6  wm,  li-t,  =  0.75,  xo 
=  5'i,  =  0).  The  droplet  is  located  7  mm  behind  the  laser  focal  point 
tlo  =  85). 


tive  comparisons  can  still  be  made.  The  series  of  plots 
which  follow  show  the  normalized  internal  source 
function  distribution  for  H'o  =  0.75  (experimental  case) 
and  lo  varying  from  the  plane  wave  case  (zo  ®)  to  the 
focal  point  case  (zq  =  0).  Here,  the  normalized  source 
function  5  and  the  normalized  beam  waist  do  are  de¬ 
fined  as 

l£oP 

where  E  represents  the  electric  field  at  an  arbitrary 
location,  Eo  represents  the  peak  value  of  the  incident 
electric  field  at  the  focal  point,  2u;  represents  the  local 
beam  diameter,  and  a  represents  the  radius  of  the 
particle.  2o  is  the  axial  position  of  the  particle  with 
respect  to  the  laser  focal  point  normalized  by  the  parti¬ 
cle  radius  a.  Physically,  the  source  function  is  directly 
proportional  to  the  time  average  power  per  unit  vol¬ 
ume  deposited  in  the  sphere  due  to  resistance  or  joule 
heating.  Since  the  maximum  values  of  the  normalized 
internal  source  function  in  the  y-z  plane  (see  Fig.  4) 
occurred  along  the  y  “  0  line  for  the  cases  considered, 
only  center  line  plots  are  presented. 


Fig.  7.  Computer  generated  plot  of  the  normalized  internal  source 
function  distribution  within  a  165-»im  methanol  droplet  (n  =  1.395  + 
0.0163/)  illuminated  by  a  Gaussian  beam  (X  =  10.6  <im,  wo  =  0.75,  xe 
-  >0  “  Ob  7^®  droplet  is  located  1.65  mm  behind  the  laser  focal 
point  (io  =  20). 


Fig.  8.  Computer  generated  plot  of  the  normalized  internal  source 
function  distribution  within  a  165-^m  methanol  droplet  (n  =  1.395  + 
0.0163/)  illuminated  by  a  Gaussian  beam  (X  =  10.6  »im.  Uo  =  0.75.  io 
=  yo  =  0).  The  droplet  is  located  at  the  laser  focal  point  do  '  0). 


Figure  5  shows  the  normalized  internal  source  func¬ 
tion  distribution  for  a  165-Ajm  diam  methanol  droplet 
undergoing  plane  wave  illumination.  Note  that  the 
peak  values  of  the  source  function  occur  exclusively 
within  the  shadow  hemisphere  of  the  droplet  with 
smaller  values  appearing  within  the  illuminated  hemi¬ 
sphere.  To  illustrate  the  effect  of  decreasing  beam 
diameter,  examine  Figs.  6-8  which  show  the  normal¬ 
ized  internal  source  function  distributions  for  the  same 
size  methanol  droplet  located  in  a  fundamental  Gauss¬ 
ian  beam  with  wq  -  0.75  and  zq equal  to  85  (7-mm  out  of 
focal  point),  20  (1.65-mm  out  of  focal  point),  and  0 
(focal  point),  respectively.  As  expected  due  to  the 
large  local  beam  diameter  (800  fxm  at  5o  =  85),  Fig.  6 
show's  virtually  the  same  normalized  source  function 
distribution  as  that  calculated  using  plane  wave  Mie 
theory.  The  only  notable  difference  is  the  magnitude 
of  the  normalized  source  function.  For  plane  wave 
Mie  theory,  the  source  function  is  normalized  based  on 
an  assumed  uniform  incident  electric  field.  For  the 
arbitrary  incident  beam  theory,  however,  the  source 
function  is  normalized  by  the  electric  field  at  the  focal 
point  of  the  incident  Gaussian  laser  beam.  Therefore, 
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as  ihe  particle  is  moved  away  from  the  laser  focal  point 
along  the  propagation  axis,  the  corresponding  incident 
beam  intensity  decreases.  For  smaller  values  of  2o> 
shown  in  Figs.  6-8,  the  maximum  value  of  the  normal¬ 
ized  source  function  within  the  illuminated  hemi¬ 
sphere  of  the  droplet  increases  relative  to  the  peak 
values  within  the  shadow  hemisphere.  Figure  8,  which 
shows  the  theoretical  calculations  corresponding  to 
the  experimentally  measured  beam  waist  diameter 
( 1 20  nm),  indicates  that  the  peak  source  function  value 
occurs  on  the  illuminated  surface  of  the  droplet.  A 
qualitative  explanation  for  the  explosive  process  is  to 
associate  the  transition  between  shadow  and  illumi¬ 
nated  side  explosive  vaporization  as  the  point  at  which 
relative  source  function  values  are  approximately 
equal  within  the  shadow  and  illuminated  hemispheres 
of  the  droplet.  This  explanation  is  supported  by  the 
trends  shown  in  the  theoretical  calculations  as  well  as 
the  experimental  observations  shown  in  Figs.  2  and  3. 
Examining  peak  source  function  values  within  each 
hemisphere  may  not  always  be  a  valid  approach  since 
the  actual  energy  absorbed  within  the  two  hemi¬ 
spheres  may  be  dramatically  different  even  if  peak 
source  function  values  within  each  hemisphere  are  the 
same.  This  difference  in  absorption  is  due  to  the 
different  source  function  distributions  exhibited  with¬ 
in  the  shadow  and  illuminated  hemispheres  of  weakly 
absorbing  particles.  The  source  function  distribution 
within  the  illuminated  hemisphere  tends  to  be  more 
uniformly  distributed  while  the  distribution  wdthin 
the  shadow  hemisphere  is  much  more  localized. 

•Another  interesting  observation  from  Figs.  2  and  3  is 
the  difference  in  the  manner  in  which  the  droplets  are 
exploding.  In  Fig.  2,  the  illuminated  hemisphere  of 
the  droplet  is  fragmented  into  a  large  number  of  small¬ 
er  droplets  which  are  propagating  back  toward  the 
laser  beam.  In  contrast.  Fig.  3  shows  a  considerably 
different  interaction  on  the  shadow  hemisphere  sug¬ 
gesting  the  growth  of  a  vapor  bubble  near  the  shadow 
surface.  One  possible  reason  for  the  difference  can  be 
attributed  to  the  different  source  function  distribu¬ 
tions  within  the  two  hemispheres  which  were  discussed 
previously.  For  example  Fig.  8,  which  corresponds  to 
the  experimental  observations  presented  in  Fig.  2, 
shows  a  relatively  uniform  source  function  distribu¬ 
tion  within  the  illuminated  hemisphere  of  the  droplet 
with  smaller  localized  peaks  occurring  in  the  shadow 
hemisphere  of  the  droplet.  In  contrast  Fig.  3,  which 
corresponds  closely  to  plane  wave  calculations,  shows 
localized  regions  in  the  shadow  hemisphere  where  the 
source  function  values  are  maximum.  In  addition  to 
the  distribution  of  absorbed  energy,  the  time  scale  of 
the  process  may  also  influence  the  way  that  the  drop¬ 
lets  explode.  Since  the  laser  intensity  incident  on  the 
droplet  shown  in  Fig.  3  (7-mm  case)  is  approximately  a 
factor  of  7  less  than  the  laser  intensity  illumination 
incident  on  the  droplet  shown  in  Fig.  2  (focal  point 
case),  the  heating  process  resulting  in  explosive  vapor¬ 
ization  is  much  slower  for  the  7-mm  case  presented  in 
Fig.  3. 


V.  Conclusions 

Although  classical  Mie  theory  is  adequate  in  many 
cases  for  describing  the  internal  source  function  distri¬ 
bution  within  spherical  absorbing  particles,  there  are 
situations  when  the  Gaussian  beam  theory  must  be 
utilized  to  account  for  the  experimentally  observed 
explosive  characteristics.  In  particular,  for  a  165-fim 
methanol  droplet  located  at  the  focal  point  of  a  120-fim 
diam  laser  beam,  the  Gaussian  beam  theorj'  correctly 
predicts  that  the  initial  explosive  vaporization  will 
occur  within  the  illuminated  hemisphere  of  the  drop¬ 
let.  Using  classical  Mie  theory  for  the  focal  point  case 
would  show  the  largest  energy  absorption  to  occur 
within  the  shadow  hemisphere  contrary  to  experimen¬ 
tal  observation.  As  the  methanol  droplets  are  moved 
away  from  the  laser  focal  point  along  the  propagation 
axis  to  a  point  7  mm  behind  the  focal  point,  the  loca¬ 
tion  of  initial  explosive  vaporization  shifts  from  the 
illuminated  hemisphere  to  the  shadow  hemisphere  of 
the  droplet.  At  this  position,  the  beam  diameter  is 
much  larger  than  the  droplet  diameter  and  thus  both 
plane  wave  Mie  theory  and  the  Gaussian  beam  theory 
give  results  consistent  with  experimental  observation. 
In  general,  for  situations  when  the  particle  diameter  is 
the  same  order  of  magnitude  as  the  beam  diameter,  the 
Gaussian  beam  theory  should  be  used  to  account  for 
the  finite  size  of  the  laser  beam. 

This  work  was  supported  by  the  Army  Chemical 
Research  &  Development  Center  under  contract 
DA.A.A15-85-K-0001. 
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Abstract.  A  simple  theoretical  model  is  presented  that  allows  calculation 
of  the  image  produced  by  a  spherical  absorbing  particle  illuminated  by 
monochromatic,  coherent  laser  light.  Results  presented  in  this  paper  are 
restricted  to  a  single-lens  imaging  system,  although  generalization  to  more 
complex  imaging  system  configurations  would  be  straightforward.  The 
method  uses  classic  Lorenz-Mie  scattering  theory  to  obtain  the  electro¬ 
magnetic  field  external  to  an  absorbing  spherical  particle  and  a  Fourier 
optics  approach  to  calculate  the  intensities  in  the  image  plane.  Experi¬ 
mental  results  evaluating  focus  characteristics  are  examined  for  50  ^.m 
diameter  water  droplets  using  an  Nj  laser  imaging  system  in  conjunction 
with  a  digital  image  processor,  and  the  experimental  images  are  compared 
to  the  results  of  the  theoretical  model.  Comparatr.e  focus  criteria  results 
are  particularly  useful  in  aerosol  science  research  involving  dynamic  par¬ 
ticle  size  measurements  in  which  criteria  for  focus  and  depth  of  field  must 
be  established. 

Subject  terms:  spray  analysis;  image  formation;  focus  effects. 
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1.  INTRODUCTION 

During  recent  years  there  has  been  a  growing  interest  in  the  field 
of  dynamic  particle  size  measurements.  Applications  such  as 
combustion  optimization,  industrial  and  agricultural  spray  ap¬ 
plication,  and  cloud  simulation  for  aircraft  icing  studies  all  re¬ 
quire  detailed  knowledge  of  both  particle  size  and  particle  size 
distribution.  One  method  commonly  used  to  measure  particle 
and  spray  characteristics  utilizes  laser  interferometry  and  light 
scattering.’-^  Although  restricted  to  spherical  droplets,^  this  method 
provides  valuable  size  and  velocity  information  for  a  variety  of 
applications.  Another  method  of  obtaining  data  on  particle  char¬ 
acteristics,  which  is  addressed  in  this  paper,  uses  a  laser-based 
imaging  system  coupled  to  a  digital  image  processor.^'* 
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The  specific  imaging  system  under  consideration  has  been 
described  in  detail  in  previous  work’  and  can  be  summarized 
as  shown  in  Fig.  1.  In  this  ss  stem,  an  object  located  at  plane 
Zo  is  illuminated  by  an  N;  laser  (Moleciron  model  UV-12.  k  = 
337  nm,  2.5  mJ  pulse,  10  ns  FVK'HM).  The  image  is  formed  by 
passing  the  scattered  light  through  a  plano-convex  lens  (f  = 
50  mm,  D  =  25  mm)  onto  a  vidicon  tube  (plane  zy).  The  video 
signal  is  then  sent  to  a  Recognition  Concepts,  Inc.,  Trapix  5532 
digital  image  processor  for  analysis.  To  obtain  accurate  particle 
size  data,  the  imaging  system  must  be  calibrated  using  particles 
of  known  sizes,  and  the  calibration  data  must  be  incorporated 
into  an  automated  algorithm,  allowing  for  rapid  processing  of 
video  frames  containing  panicle  images.  For  panicles  in  focus, 
the  calibration  and  algorithm  implementation  is  straightforward. 
However,  for  sizing  dynamic  sprays,  special  algorithms  are  re¬ 
quired  since  most  panicles  in  a  spray  are  slightly  defocused  due 
to  the  spatial  disunbution  of  panicles  throughout  the  spray.  The 
computer-based  sizing  algorithms  must  have  the  capability  of 
determining  when  a  panicle  is  in  focus  and  its  correct  size.  Such 
a  computer  algorithm  has  been  developed,*'’  to  count  and  size 
particles  in  dynamic  sprays  based  on  criteria  derived  from  ex¬ 
perimental  calibrations  using  a  monodisperse  droplet  generator 
and  a  chromc-on-glass  static  calibration  reticle.*  The  technique 
makes  use  of  the  intensity  gradient  at  the  panicle  edge  and  the 
measured  average  intensity  (gray  level)  of  the  panicle,  both  of 
which  change  as  the  panicle  is  moved  in  and  out  of  focus.  By 
carefully  positioning  panicles  of  known  size  at  various  locations 
with  respect  to  the  object  plane  (plane  zo).  we  obtained  an  em¬ 
pirical  criteria  to  determine  panicle  size  as  a  function  of  the 
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Fig.  1.  Imaging  system  geometry. 

measured  average  gray  level  of  the  particle.  TTie  particle  edge 
gradient  and  average  gray  level  have  been  shown°‘^  to  provide 
excellent  criteria  on  which  to  base  in-focus  and  out-of-focus 
determination.  .Although  empirical  results  can  provide  accurate 
algorithms  for  panicle  sizing  for  a  particular  optical  system,  a 
theoretical  model  would  be  useful  in  examining  such  things  as 
the  effect  of  changing  aperture  size  on  the  obserx’ed  particle 
images,  the  \ariation  in  average  gray  level  with  the  degree  of 
particle  defocus,  and  the  relationship  between  the  actual  panicle 
edge  and  die  observ  ed  edge  intensity  gradient  of  a  defocused 
particle. 

In  a  recent  paper  by  Thompson  and  Malyak,’  an  approach 
using  the  Huygens-Fresnel  principle  was  used  to  calculate  the 
intensity  distribution  for  opaque  disks  illuminated  by  a  coherent 
laser  source.  Results  show  ed  that  the  depth  of  field  for  a  coherent 
imaging  system  is  much  larger  than  for  a  similar  incoherent 
sv  stem.  In  this  paper,  we  consider  the  more  general  case  of  a 
spherical  absorbing  particle  undergoing  monochromatic  coherent 
illumination  and  outline  a  simple  method  for  calculating  the 
image  produced  by  the  particle.  Calculated  results  based  on  the 
theoretical  model  are  compared  to  experimentally  observed  im¬ 
ages  for  both  in-focus  and  out-of-focus  50  p.m  diameter  water 
droplets,  and  implications  to  particle  sizing  are  discussed. 

2,  PROBLEM  FOR.NaL.4TION 

In  formulating  the  physical  problem  to  be  solved,  we  begin  with 
the  actual  experimental  arrangement  shown  in  Fig.  1.  The  N2 
laser  is  propagating  in  the  +z  direction  and  is  assumed,  for 
calculation  purposes,  to  be  linearly  polarized  in  the  x  direction. 
.Although  the  output  beam  of  the  N2  laser  is  inherently  randomly 
polarized,  we  assume  as  a  first  approximation  that  the  coherence 
length  of  the  N2  laser  is  such  that  at  any  instant  of  time  the 
particle  is  essentially  illuminated  by  a  linearly  polarized  plane 
wave.  The  spherical  particle,  of  arbitrary  radius  a,  located  at 
plane  zo  is  assumed  to  be  isotropic,  homogeneous,  and  non¬ 
magnetic  and  to  possess  a  finite  electrical  conductivity.  Ac¬ 
cepting  that  the  laser/aerosol  interaction  can  be  modeled  as  a 
linearly  polarized  plane  wave  incident  on  a  spherical  absorbing 
particle,  the  electromagnetic  field  distribution  can  be  obtained 
everywhere  internal  and  external  to  an  absorbing  spherical  par¬ 
ticle  using  the  classic  Lorenz-Mie  theory.'®  "  A  more  recent 
outline  of  the  theoretical  details  of  the  derivation  can  be  found 
in  Bom  and  Wolf.'^  The  equations  used  for  the  external  electric 


field  calculations  are  shown  in  the  appendix.  These  equations 
yield  exact  knowledge  (within  numerical  accuracy)  of  the  elec¬ 
tromagnetic  field  at  every  point  within  the  aperture  located  at 
plane  zi.  Although  we  use  the  most  general  form  of  the  Lorenz- 
.Mie  equations  for  calculations  presented  in  this  pajrer,  it  is  pos¬ 
sible  that  simplifications,'^  for  specific  cases  of  droplet  size, 
optical  properties,  or  imaging  system  geometry,  can  be  incor¬ 
porated  into  the  analysis. 

To  remain  consistent  with  the  scalar  diffraction  theory  out¬ 
lined  by  Goodman,'^  we  assume  that  the  x-comf)onent  (direction 
of  polarization)  of  the  electric  field  will  be  the  only  significant 
electric  field  component  throughout  the  imaging  system.  The 
validity  of  this  assumption  can  be  readily  verified  by  examin¬ 
ing  the  magnitude  of  the  three  field  components  at  the  apterture 
(plane  Zi). 

In  addition,  the  actual  physical  problem  depicted  in  Fig.  1 
can  be  simplified  based  on  several  experimental  observations. 
For  the  aperture  size  of  5.5  mm  used  in  the  imaging  system,  it 
was  observed  that  the  particle  image  at  plane  Z3  was  not  sig¬ 
nificantly  affected  as  the  aperture  was  moved  toward  the  lens. 
This  observation  is  not  entirely  unexpected  since,  with  X  being 
much  less  than  r^  and  the  distance  Z2  to  Zi  not  being  excessively 
large,  we  would  expect  that  diffraction  effects  would  be  small 
in  proceeding  from  plane  zi  to  Z2.  If  w’e  neglect  diffraction 
effects  due  to  the  ajjerture,  then  the  aperture  serves  only  to 
decrease  the  effective  lens  diameter.  .As  the  aperture  size  be¬ 
comes  small,  however,  this  assumption  is  no  longer  valid.  For 
calculations  presented  in  this  paper,  the  aperture  is  assumed  to 
be  positioned  directly  in  front  of  the  lens.  This  simplification 
results  in  elimination  of  a  very  time-consuming  numerical  in¬ 
tegration  that  would  be  required  to  proceed  from  plane  zi  to  Z2. 

One  also  observes  that  the  particle  image  formed  on  the  vi- 
dicon  (plane  zj)  appears  essentially  symmetric  with  respect  to 
the  z  axis.  Although  it  is  apparent  that  the  electric  field  com¬ 
ponents  will  be  functions  of  angle  as  w  ell  as  radial  location  (see 
the  appendix),  the  angular  dependence  of  the  x-component  of 
the  electric  field  has  been  found  to  be  very  weak  based  upon 
direct  computation.  Therefore,  we  assume  that  the  x-component 
of  the  elecuic  field  can  be  u-eated  as  axisyrrunetric.  This  sim¬ 
plification  allows  field  calculations  to  be  performed  in  the  radial 
direction  only.  It  is  also  apparent  that  since  the  x-component  of 
the  electric  field  is  axisymmetric  for  a  specific  incident  polar¬ 
ization  direction,  the  calculations  will  also  be  valid  for  randomly 
polarized  light  in  which  the  direction  of  polarization  is  changing 
in  an  arbitrary  manner.  The  mathematical  details  incorporating 
the  above  discussion  are  presented  in  the  following  section. 

3.  THEORETICAL  MODEL 

The  geometry  for  the  simplified  model  is  shown  in  Fig.  2.  In 
the  following  discussion  the  x-component  of  the  external  electric 
field  is  denoted  by  Em,  where  the  subscript  refers  to  the  field 
evaluated  at  plane  Zm-  As  discussed  previously,  the  electric  field 
at  plane  zi  is  known  exactly  from  Lorenz-Mie  theory  (see  the 
appendix).  E2  can  be  related  to  the  E|  by  assuming  that  the 
paraxial  thin  lens  expression'^  is  valid, 

E’Cxj.y:)  =  exp(iknAo)  expj^ -^(x?-Fy?)j  E|(x,.y,) 

=  exp(iknAo)  exp[-^(X2-Fy:)l  Ei(x:.y;)  ,  tl) 
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E,)(r3.6.i)  =  : -  f  Ejlr^)  r-.expf [  e\p| - - 

iK(Z}-Z2)Jo  21''  I  ^[2(Z3-Z2) 


X  [i^  +  r;  -  2r2r3Cosl<t)2-63))  ^  d62dr: 


I?) 


In  addition  to  simplifying  the  electric  field  description,  the  ax- 
isymmetric  assumption  also  allows  exact  evaluation  of  the  an¬ 
gular  integral  in  Eq.  (5).  Utilizing  orthogonality  along  with 
the  identity‘s 


exp(iasinx)  =  5]  Ji(a)exp(ikx)  . 

1=  -* 


(6) 


Equation  (5)  can  be  simplified,  giving 


Fig.  2.  Simplified  geometry  used  for  calculations. 


where  f  is  the  focal  length  of  the  lens,  Ao  is  the  thickness  of  the 
lens,  and  k  =  2t:'X.  By  thin  lens,  we  mean  that  the  thickness 
of  the  lens  is  such  that  a  light  ray  enters  and  leaves  the  lens  at 
essentially  the  same  x-y  coordinates,  thus  making  (X|.yi)  and 
(x;,)’;)  interchangeable.  Note  that  the  lens  in  the  imaging  system 
is  assumed  to  be  ideal  and  free  from  any  aberrations.  Using  the 
Fresnel  approximation'"  in  proceeding  from  plane  22  to  Z3, 


E,,(x.,.y,)  =  i«^^ff  E2,x:.v2) 

iXtzj-Z:)  .N 

X  expj,,^^  ^  ^[(Xj  -  X2)~  -F  (y.3-y2)‘]|  dx2dy2  . 


(2) 


Substituting  Eq.  (1)  into  Eq.  (2). 

,  exp[ik(Z3-Z;)]  f  f  . 

t3(X3.y3)  =  — - -  cxpiiknAo)  exp 

lX(Z3-Z2)  .'.'a 


ik  ,  ,1 

-5^(x5  +  y2)J 


((X3-X2r 


+  (y3-y2)‘ 


]|  dx2dy2  . 


(3) 


For  convenience,  Eq.  (3)  can  be  written  in  terms  of  r-<t>  coor¬ 
dinates  (i.e.,  Xm  =  rmCos6m  and  x'n,  =  rmsintbm  for  plane  Zm), 

lX(Z3-Z2)  Jo  Jo 

?| -^|fr2CO.s<b2j^  -F  (r2sin<J)2r]| 


X  exp 
X  Ei(r2.<t)2)  exp 


ik 


[2(Z3-Z2) 

+  (r3sin63  -  r2sin<i>2)^] }  r2dr2d<t>2  . 


[(r3COS<t)3  -  r2COS<l>2)* 


]|  r2dr2d 


(4) 


2ir  r  ikr5  1  f* 

E.5(r3)  =  — - :  exp  - - -  Ei(r2)J( 

iX(23-Z2)  [2(Z3-Z2)J  Jo 


(7) 


where  Jo  is  the  Bessel  function  of  the  first  kind  of  order  zero 
and 


3  = 


kr2r3 


(8) 


(Z3-22) 

In  terms  of  intensity  at  the  image  plane.  Eq.  (7)  can  be  written 
fxirs)  =  E3(r3)E*(r3) 


X(Z3 
X  exp 


— 1’  f 

3-22)J  Jo 


E|(r2)Jo(B) 


_ij^n  1 


r;dr2 


(9) 


where  the  asterisk  denotes  the  complex  conjugate.  To  remain 
consistent  with  the  Lorenz-Mie  theory  development  (see  the 
appendix).  Eq.  (9)  is  written  in  terms  of  dimensionless  xariables. 


Ijlfo)  = 


(h 

X  exp 


:)Jo(P) 


?  [t  - 


(10) 


u’here 


r;r?a 


(Z3-Z2)  ’ 


r 

a 


f  =  i 

a 


(H) 


Based  on  the  experimental  observations  discussed  earlier,  we 
utilize  the  axisymmetric  field  assumption  and  let  Ei{r:.4>2)  = 
Eilry)  only.  Also,  since  we  will  ultimately  be  concerned  only 
with  intensity  at  plane  zj,  constant  phase  factors  can  be  omitted, 
giving 


4.  RESULTS  AND  DISCUSSION 

To  determine  whether  the  theoretical  model  provided  results 
consistent  with  experimental  observations,  the  N:  laser  imaging 
system  was  configured  in  a  manner  identical  to  Fig.  2.  The 
SO  pirn  diameter  spherical  water  droplets  were  generated  using 
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Fig.  3.  50  p.m  diameter  water  droplet  located  at  the  focal  point 
{U  ~  io  -  2100,  fa  =  ItO).  Theoretical  calculations  (top);  observed 
image  (bottom). 

a  vibratini  orifice  generator  (TSI  model  3450)  and  allowed  to 
fall  in  the  ~  x  direction  through  the  N;  laser  imaging  system  at 
a  \  eIocity  of  approximately  8  m's.  Tlie  particle  location  and  the 
aperture  size  could  be  changed  using  micrometer  positioners  and 
a  variable  size  aperture.  Unless  otherwise  noted,  the  following 
parameter  values,  corresponding  to  the  actual  experimental  ar¬ 
rangement,  were  used  for  the  computations:  radius  of  water 
droplet  a  =  25  wm.  incident  wavelength  X  =  337  nm,  complex 
refractive  index'^  n  =  1.345  -S  8.7 x  lO'”!,  size  parameter  a 
=  466,  lens  focal  length  f  =  2000,  distance  from  particle  to 
apenure  (Zi  -  zo)  =  2100  (in-focus  case),  distance  from  lens 
to  image  plane  (Z3  -  z;)  =  42.000,  radius  of  aperture  f»  = 

1 10,  radius  of  lens  f<  =  500,  radius  of  image  fi  =  50. 

For  comparison,  we  examined  four  specific  cases.  Figures  3 
through  6  show  photographs  of  both  the  experimentally  observed 
images  obtained  using  the  NS  imaging  system  and  the  theoret¬ 
ically  calculated  intensities  for  a  50  jam  diameter  water  droplet 
located  at  the  focal  ptoint  (Z|  -  zo  =  2100,  f,  =  1 10),  10  radii 
toward  the  lens  (Zt  -  zo  =  2090,  r,  =  110),  10  radii  away 
from  the  lens  (Zi  -  zo  =  21 10,  f,  =  110),  and  12  radii  away 
from  the  lens  with  a  decrea.sed  aperture  size  (zj  -  Zo  =  21 12, 
f,  =  40),  respectively.  The  theoretical  images  were  generated 
and  displayed  on  a  DEC  Microvax  Il/GPX  workstation  and  rep>- 
resent  relative  intensity  values  in  the  image  plane  for  f  =  r/a 
values  from  0  to  2.5  (i.e.,  the  dark  outer  circular  edge  corre- 
sptonds  to  2.5  particle  radii).  The  expierimental  images  are  dis¬ 
played  on  a  video  monitor  and  represent  a  digitized,  enlarged 
picture  of  the  panicle  image.  Although  the  quality  of  the  ex¬ 
perimental  image  is  limited  by  the  resolution  of  the  imaging 


Fig.  4.  50  (im  diameter  water  droplet  moved  out  of  focus  10  radii 
toward  the  lens  (2i  -  io  =  2090,  f,  =  110).  Theoretical  calculations 
(top);  observed  image  (bottom). 

system  (1  pixel  =  1  (xm  and  256  gray  levels),  several  interesting 
comparisons  can  be  made. 

As  expected  for  an  in-focus  droplet.  Fig.  3  shows  a  sharply 
defined  boundary  in  both  the  theoretical  and  experimental  im¬ 
ages.  .Also  evident  is  the  bright  center  spot  appearing  in  both 
photographs.  The  graph  superimposed  on  the  experimental  im¬ 
age  corresponds  to  the  intensity  distribution  through  the  diameter 
of  the  particle,  defined  by  the  horizontal  while  line.  Note  that 
the  actual  droplet  size  is  the  same  in  both  the  theoretical  and 
experimental  images.  The  apparent  difference  results  from  the 
discrete  amounts  of  enlargement  obtainable  using  the  image  pro¬ 
cessor. 

As  the  droplet  is  moved  out  of  focus  10  radii  toward  the  lens 
(Z]  -  Zo  =  2090),  the  expierimental  image,  shown  in  Fig.  4, 
again  exhibits  a  relatively  bright  center  spjot.  In  addition,  two 
concentric  rings  of  lesser  intensity  appear  near  the  center  spwt 
as  well  as  one  ring  slightly  inside  the  boundary  of  the  droplet. 
There  also  is  a  slight  increase  in  light  intensity  just  outside  the 
edge  of  the  panicle.  These  general  features  are  also  observed  in 
the  theoretical  calculations. 

Figure  5  shows  the  same  size  water  droplet  but  moved  out 
of  focus  10  radii  away  from  the  focusing  lens  (zj  -  zo  =  2110). 
Note  that  both  the  experimental  and  theoretical  images  show 
less  intense  ring  structure  internal  to  the  ptanicle  edge  than  a 
corresptonding  panicle  moved  an  equal  distance  toward  the  lens. 
The  difference  in  intensity  distributions  exhibited  by  p)articles 
that  are  an  equal  distance  out  of  focus  but  on  opposite  sides  of 
the  object  plane  of  the  lens  has  been  observed  previously*'^  and 
becomes  more  significant  as  the  panicle  size  decreases.  The 
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Fig.  5.  so  diameter  water  droplet  moved  out  of  focus  10  radii 
away  from  the  lens  (ii  -  io  =  2110,  r,  =  110).  Theoretical  calcu¬ 
lations  (top);  observed  image  (bottom). 


Fig.  6.  50  itm  diameter  water  droplet  moved  out  of  focus  12  radii 
away  from  the  tens  and  with  decreased  aperture  size  I2i  -  = 

2112,  fa  =  40).  Theoretical  calculations  (top);  observed  image  (bot¬ 
tom). 


intensity  external  to  the  edge  of  the  particle,  however,  appears 
to  be  very  similar  for  the  two  cases. 

.As  a  final  case.  Fig.  6  shows  an  out-of-focus  particle  moved 
12  radii  away  from  the  lens  (Z)  -  zo  =  2112)  along  with  a 
decreased  aperture  size  ffa  =  40).  In  this  case,  both  the  theo¬ 
retical  and  experimental  images  show  evidence  of  a  blurred 
particle  edge  as  well  as  a  significant  decrea.se  in  the  .spatial 
frequency  of  the  diffraction  rings.  The  images  differ,  however, 
in  the  intensity  of  the  center  spot,  which  appears  brighter  for 
the  theoretical  calculations  than  for  the  experimental  image. 

In  general,  the  theoretical  calculations  for  all  of  the  cases 
presented  show  center  intensities  higher  than  the  intensities  ob¬ 
served  experimentally.  .Also  apparent  in  the  experimental  images 
are  the  slightly  different  intensity  distributions  ob.served  on  the 
top  and  bottom  of  the  droplet  as  compared  to  the  left  and  right 
sides  of  the  droplet.  Several  factors  may  contribute  to  the  ob¬ 
served  differences  between  experiment  and  theory.  Among  these 
are  the  simplified  incident  beam  description  used  to  model  the 
laser  pulse,  the  existence  of  lens  aberrations,  which  were  ne¬ 
glected  in  the  present  analysis,  the  assumption  of  symmetry 
about  the  z  axis,  the  simplified  lens  transformation,  and  the 
relatively  high  velocity  of  the  droplets  (8  m's)  in  the  vertical 
direction. 

To  obtain  a  more  quantitative  representation  of  the  effect  of 
droplet  location  on  the  calculated  intensities,  plots  of  normalized 
intensity  as  a  function  of  normalized  radial  location  are  shown 
in  Figs.  7  and  8  for  50  (i.m  diameter  water  droplets  as  they  are 
moved  out  of  focus  toward  the  lens  and  away  from  the  lens. 


respectively.  Note  that  the  intensity  values  are  normalized  by 
the  maximum  intensity  for  the  focal  point  (in-focus)  case.  In 
both  figures,  it  is  evident  that  the  intensity  gradient  near  the 
particle  edge  decreases  significantly  as  the  particle  is  moved  out 
of  focus.  -As  pointed  out  previously’"'^  for  coherent  imaging 
systems,  the  actual  particle  edge  corresponds  to  approximately 
0.25  the  incident  intensity.  .Also  evident  are  the  high  intensities 
that  appear  near  the  center  of  the  droplet.  This  high  intensity, 
corrunonly  referred  to  as  Poisson's  spot,  is  approximately  four 
times  the  intensity  of  the  incident  light  for  the  in-focus  case 
(zi  —  Zo  =  2100).  As  already  noted,  the  intensity  distribution 
is  not  the  same  for  particles  an  equal  distance  on  each  side  of 
the  object  plane.  This  fact  adds  additional  uncertainty  to  the 
already  difficult  problem  of  sizing  dynamic  sprays. 

We  also  see  that  below  a  certain  threshold  intensity  value, 
the  average  intensity  internal  to  the  particle  edge  increases  as 
the  panicle  is  moved  out  of  focus.  This  observation  is  consistent 
with  the  concept  of  using  measured  average  gray  level  as  an 
indication  of  the  degree  of  particle  defocus.  The  optimum  thresh¬ 
old  value  for  the  system  dc.scribed  in  Fig.  1  was  determined* 
experimentally  to  be  approximately  one-half  the  incident  inten¬ 
sity. 

Figure  9  shows  the  effect  of  changing  aperture  size  for  a  fixed 
panicle  location  (li  -  ic  =  2112).  Readily  apparent  is  the 
decrease  in  spatial  frequency  of  the  relative  intensity  maximum 
as  the  aperture  size  is  decreased.  This  effect  should  be  expected 
siiKe  a  decreasing  effective  lens  size  serves  to  restrict  the  lens 
to  collection  of  low-frequency  portions  of  the  object  only.  We 
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Rg.  7.  Normalized  intensity  as  a  function  of  normalized  radial  po¬ 
sition  for  a  50  p.m  diameter  water  droplet  moved  out  of  focus  toward 
the  focusing  lens  with  r,  =  110. 


Rg.  8.  Normalized  intensity  as  a  function  of  normalized  radial  po¬ 
sition  for  a  50  pm  diameter  water  droplet  moved  out  of  focus  away 
from  the  focusing  lens  with  r,  =  110. 
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Rg.  9.  Normalized  intensity  as  a  function  of  normalized  radial  po¬ 
sition  for  a  50  pm  diameter  water  droplet  moved  out  of  focus  12 
radii  away  from  the  Jens  =  2112)  using  various  aperture 

sizes. 


also  see  that  the  smaller  aperture  sizes  result  in  smaller  intensity 
gradients  near  the  particle  edge. 

5.  CONCLUSIONS 

Although  the  theoretical  model  presented  has  been  simplified 
extensively  over  the  actual  physical  problem,  the  results  agree 
qualitatively  with  experimental  obscnations.  For  the  cases  ex¬ 


amined,  the  locations  of  the  higher  intensity  diffraction  rings 
agree  well  with  experimental  observations.  The  theoretical  model 
provides  results  that  confirm  the  validity  of  using  the  particle 
edge  intensity  gradient  and  the  measured  average  gray  level  as 
focus  criteria  for  the  sizing  of  dynamic  particle  sprays.  The 
theoretical  approach  can  also  be  easily  extended  to  more  complex 
imaging  system  geometries  involving  multilens  systems  and  to 
situations  in  which  the  axisymmetric  field  assumption  is  not 
appropriate,  such  as  off-axis  imaging. 


6.  APPENDIX 

This  section  presents  the  near-field  Lorenz-Mie  theory  equations 
for  the  scattered,  incident,  and  external  electric  fields  for  a  spher¬ 
ical  particle  illuminated  by  a  plane  wave,  with  the  following 
assumptions: 

(1)  Stationary,  homogeneous,  isotropic,  absorbing  sphere  of  ra¬ 
dius  a  in  a  homogeneous,  isotropic,  nonabsorbing  medium. 

(2)  Both  the  particle  and  the  medium  are  nonmagnetic  (p.  = 

1). 

(3)  Particle  is  illuminated  by  a  plane,  monochromatic  electro¬ 
magnetic  wave  of  unit  amplitude  linearly  polarized  in  the  x 
direction,  propagating  in  the  -l-z  direction. 

(4)  All  time-dependent  quantities  are  assumed  to  vary  as 
exp(  -  iu>t). 


6.1.  Scattered  field 

^  2  f(f+I)&i;’Vaf)Pi'Vco.se>  . 
(or)*  ( .  1 


ti” .  2 

ar  1 


a(|i"’(af)Pi  ’(cose)sine 


-  b,il’VQf>p;‘Vcose)  ■ 


'-^1. 

sinBj 


-  ib,4l"(Qf)Pl"’(cose)sine 


] 


(AI) 


(A2) 


The  external  scattering  coefficients  at  and  b<  are  given  by 


a,  = 


b,  = 


+  I)  >|)(  (ria)»l<f(a) -  n»l)<(na)il)((a) 
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I 
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where  vjir.  X(-  =  (Jif  ~  ix<  are  the  Ricatti-Bessel  func¬ 

tions.  which  are  related  to  the  Bessel  functions  of  half-integer 
order;  Pi"  is  the  associated  Legendre  function  of  order  1;  n  is 
the  complex  refractive  index  of  the  sphere;  o  =  Ittsl/K  is  the 
size  parameter;  and  f  =  r/a  is  the  normalized  radial  coordinate. 
Primed  quantities  denote  differentiation  with  respect  to  the  ar¬ 
gument  of  the  function.  Note  that  all  electric  field  quantities  are 
normalized  based  on  an  assumed  uniform  incident  electric  field 
of  unit  magnitude. 

The  technique  used  to  compute  the  Ricatti-Bessel  functions 
is  described  in  detail  by  Ross.’*  Computation  of  the  associated 
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Legendre  function  is  accomplished  by  using  standard  recursion 
formulas  such  as  those  presented  by  Abramowiu  and  Stegun.'* 

6.2.  Incident  field 

=  exp(iafcos0)sin0cos((>  , 

(A6) 

=  exp(iafcos0)cos0cos<t)  , 

(A7) 

E*’  =  -  exp(iafcos6)sin<i>  . 

6.3.  External  field 

In  terms  of  Cartesian  coordinates, 

EJ"  =  (^“•+Et‘’)sin0cos(t)  4-  (Ei‘’-F^*')cos0cos(t) 

(A8) 

-  (Ei'-rE!b%in(t)  , 

(.A9) 

=  (&'V^")sin0sin<|)  -F  (Ei‘’ 4  ^*')cos0sin<{) 

4-  (E:i’4-E*'’)cos<J)  . 

(AlO) 

=  (e‘’4-S")cos0  -  (^‘’4-^‘')sin6  . 

(All) 
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TTie  time  history  of  elastically  scattered  incident  radiation  (ESIR)  is  presented  for  60-rrm-diameter  water  droplets 
irradiated  by  KrF  (X  “  248  nm)  laser  pulses  with  power  densities  in  the  range  of  1-200  /cm*.  The  EISIR  shows  a 

distinct  two-pealt  structure  that  is  dependent  on  the  incident  irradiance.  The  time  delay  between  the  arrival  of  the 
incident  pulse  and  the  first  local  minimum  in  the  ESIR  varied  from  7  ntsec  at  200  GW/cm*  to  21  nsec  at  5  G%  /cm*. 
The  time  between  incident  pulse  arrival  and  the  first  peak  in  the  ESIR  showed  a  similar  irradiance  dependence,  with 
delays  ranging  from  4  to  12  nsec.  Images  of  droplet  breakup  and  the  average  velocities  of  ejected  material  are 
presented  for  times  between  0  and  1000  nsec  after  the  arrival  of  3-GW/cm*  laser  pulses. 


Knowledge  of  the  physical  mechanisms  that  govern 
the  laser-induced  bre^down  (LIB)  of  aerosols  is  im¬ 
portant  in  a  variety  of  applications,  and  significant 
progress  has  been  made  in  both  the  theoretical  model¬ 
ing*'®  and  the  experimental  analysis^"®  of  the  problem. 
Much  of  the  experimental  research,  however,  has  been 
confined  to  the  visible  and  infrared  wavelengths,  and, 
as  noted  by  Biswas  et  al.,^  ambiguities  still  remain  in 
regard  to  the  •'lasma  emission  dependence  on  the  inci¬ 
dent  laser  wavelength  and  energy.  In  this  Letter  we 
present  results  showing  the  time  history  of  elastically 
scattered  incident  radiation  (ESIR)  and  tj/pical  exam¬ 
ples  showing  the  djTiamics  of  the  explosive  breakup 
process  for  60-/im-diameter  distilled  water  droplets 
irradiated  by  a  pulsed  KrF  laser  under  atmospheric 
conditions. 

A  schematic  of  the  experimental  setup  is  shown  in 
Fig.  1.  The  high-energy  laser  beam  is  produced  by  a 
KrF  excimer  laser  (Questek  model  2860,  A  =  248  nm, 
FWHM  pulse  duration  =  17-22  nsec)  and  is  focused  to 
a  spot  size  of  approximately  10^  *tm®.  The  beam  from 
an  identical  excimer  laser,  oriented  perpendicular  to 
the  high-energy  laser  beam,  is  s>-nchronized  with  the 
high-energy  pulses  by  using  a  digital  delay  unit  (Ques¬ 
tek  9200  laser  sync/delay  unit)  and  serves  as  the  illu¬ 
mination  source  for  imaging  studies.  The  uncertainty 
in  the  delay  time  between  the  high-energy  laser  pulse 
and  the  imaging  pulse  is  approximately  ±5  nsec.  The 
images  are  viewed  with  a  UV-sensitive  vidicon  (Cohu 
2006  camera  system)  in  conjunction  with  a  digital  im¬ 
age-processing  system^  and  are  stored  on  an  optical 
memory  disk  recorder  (Panasonic  model  TQ-2023F). 
Monodispersed  spherical  water  droplets  are  generated 
by  a  vibrating  orifice  generator  (TSI  model  3450)  and 
f^  vertically  (perpendicular  to  both  excimer  laser 
beams)  through  the  path  of  the  high-energy  laser 
beam.  A  Hamamatsu  streak-camera  system 
equipped  with  a  slow-speed  streak  unit  (model 
M25^)  and  a  spectrograph  (Instruments  SA  model 
HR-320)  with  a  diffraction  grating  of  150  lines/mm  is 
oriented  at  an  angle  of  120*  with  respect  to  the  inci¬ 
dent  axis  of  the  high-energy  laser  beam  and  is  used  to 


obtain  the  time-resolved  spectral  information  from 
the  LIB  phenomena.  Two  fiber-optic  probes  monitor 
the  time  history  of  the  incident  and  the  transmitted 
laser  pulses. 

Observations  of  the  time  history  of  the  ESIR 
showed  a  distinct  two-peak  structure,  with  a  weak 
intensity  increase  during  the  initial  stage  of  the  inci¬ 
dent  laser  pulse  followed  by  a  period  in  which  the 
intensity  decreased  to  a  local  minimum.  Later  stages 
then  show  a  sharp  rise  in  the  scattered  intensity. 
These  effects  can  be  analyzed  in  a  more  quantitative 
manner  by  examining  Fig.  2,  which  presents  the  time 
history  of  the  ESIR,  the  broadband  emission,  and  the 
incident  pulse  for  a  60-Mm-diameter  water  droplet  ir¬ 
radiated  by  a  100-GW/cm®  KrF  laser  pulse.  We  de¬ 
fine  several  parameters  in  Fig.  2  that  can  be  used  to 
characterize  the  aerosol/laser  interactions.  The  arriv¬ 
al  of  the  incident  pulse  is  defined  as  the  time  when  the 
intensity  reaches  1/e®,  its  maximum  value.  Pn  and 
Pr2  are,  respectively,  the  delay  times  from  the  incident 
pulse  arriv^  to  the  first  and  second  peak  of  the  ESIR, 
Vr  is  the  delay  time  from  the  incident  pulse  arrival  to 


Fig.  1.  Schematic  of  the  experimental  setup. 
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Fig.  2.  Intensities  as  a  function  of  time  for  the  incident 
pulse,  the  ESIR,  and  the  hroadhand  emission  for  a  60-^m- 
diameter  water  droplet  illuminated  by  a  100-GW/cm^  KrF 
laser  pulse. 

the  first  local  minimum  of  the  ESIR,  and  Bt  is  the 
delay  time  between  the  incident  pulse  arrival  and  the 
start  of  broadband  emission  (1/e^  peak  value). 

As  shown  in  Fig.  3,  Vt  showed  a  strong  dependence 
on  the  incident  irradiance,  varying  from  approximate¬ 
ly  7  nsec  at  200  G  W/cm*  to  21  nsec  at  5  GW/cm^.  Vr  is 
relatively  long  (21  nsec)  at  low  irradiances  since  the 
major  portion  of  the  laser  fluence  is  required  for  initia¬ 
tion  of  the  plasma.  However,  at  high  irradiance  val¬ 
ues  sufficient  energy  can  be  supplied  during  the  initial 
rise  of  the  incident  pulse  for  plasma  formation.  As 
one  would  expect,  Pn  starts  at  the  peak  of  the  incident 
pulse  and  decreases  as  the  incident  irradiance  in¬ 
creases.  Values  of  Pn  ranged  from  4  nsec  at  200  GW/ 
cm^  to  approximately  12  nsec  at  1  GW/cm^,  with  the 
values  remaining  essentially  constant  for  irradiance 
values  greater  than  25  GW/cm^.  These  trends  con¬ 
trast  with  that  of  P-n,  which  is  only  a  weak  function  of 
the  incident  irradiance  and  remains  essentially  con¬ 
stant  at  24  nsec.  The  constant  value  of  Pt2  reflects 
the  time  that  the  laser  pulse  is  supplying  energy  into 
the  plasma.  Figure  4  gives  typical  profiles  of  the  time 
history  of  the  incident  pulse  and  the  ESIR  for  irradi¬ 
ance  levels  ranging  from  1  to  200  GW/cm^  and  clearly 
shows  the  irradiance  dependence  of  the  ESIR. 

The  time-history  dependence  of  the  ESIR  on  the 
incident  irradiance  is  not  surprising  since  the  absorp¬ 
tion  and  reflection  of  the  incident  radiation  from  an 
expanding  plasma  are  dependent  on  plasma  geometry 
as  well  as  electron  density,  both  of  wUch  are  changing 
rapidly  in  time  for  the  laser/aerosol  interaction.^-^  Al¬ 
though  the  details  of  the  laser/aerosol  interaction  are 
not  completely  understood,  we  offer  the  following 
qualitative  explanation  of  the  results.  At  low  irradi¬ 
ance  values  the  droplet  remains  geometrically  intact 
for  the  duration  of  ^e  incident  pulse  with  no  accom¬ 
panying  plasma  formation.  At  1  GW/cm^  [Fig.  4(a)] 
the  ESK  results  solely  from  scattering  from  the  water 
droplet  (the  images  of  the  water  droplets  show  no 
breakup).  This  value  compares  favorably  with  the 
results  of  Pinnick  et  in  which  the  breakdown 
threshold  irradiance  for  water  at  266  nm  was  0.7  GW/ 
cm^  although  it  was  concluded  that  thresholds  are 
also  dependent  on  the  incident  fluence.  As  the  bci- 
dent  irradiance  is  increased  (Figs.  4(b)-4(d)],  plasma 


formation  is  initiated  before  the  end  of  the  incident 
pulse.  In  this  case  the  initial  rise  in  the  ESIR  can  be 
attributed  to  scattering  from  the  water  droplet  before 
plasma  formation.  The  subsequent  decrease  in  ESIR 
may  result  from  the  destruction  of  the  droplet  geome¬ 
try  and/or  an  increase  in  absorption  of  the  incident 
radiation  by  the  expanding  plasma  whose  electron 
density  is  increasing  but  is  still  less  than  the  critical 
electron  density  [ric  —  1.85  X  10^  cm“®  at  X  =  248  nm). 
As  the  electron  density  increases  and  eventually  ex¬ 
ceeds  the  critical  density  the  plasma  becomes  more 
reflective,  accounting  for  the  secondary  peak,  Pt2- 


Fig.  3.  Delay  time  between  the  arrival  of  the  incident  pulse 
and  the  first  peak,  the  first  valley,  and  the  second  peak 
observed  in  the  ESIR  as  a  function  of  irradiance  for  60-Mm- 
diameter  water  droplets  illuminated  by  b.KtF  laser. 


nciMi 


Fig.  4.  Intensities  of  the  incident  pulse  (solid  curvet)  and 
the  ESIR  (dashed  curves)  as  a  function  of  time  for  60-am- 
diameter  water  droplets  illuminated  by  KrF  laser  pulses  of 
1-200  GW/cm*.  The  vertical  scale  is  in  arbitrary  intensity 
units. 
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Fig.  5.  Typical  images  of  3-GW/cm‘  KrF  laser  pulses  inci¬ 
dent  upon  60-Mm-diameter  water  droplets  at  0,  20,  30, 100, 
300,  and  1000  nsec  after  the  arrival  of  the  high-energy  pulse. 
The  high-energy  pulse  is  propagating  from  right  to  left.  The 
bright  spots  appearing  on  the  illuminated  and  shadow  sur¬ 
faces  of  the  droplet  are  produced  by  the  17-nsec  incident 
pulse  saturating  the  vidicon.  The  lag  in  the  vidicon  makes 
these  spots  visible  in  later  photographs. 


Fig.  6.  Normalized  internal  source  function  for  a  OO-^m- 
diameter  water  droplet  illuminated  by  X  •  248  nm  incident 
radiation  [n  »  1.36  +  (3.5  X  10“*i)).** 


The  actual  physical  mechanism  is  further  complicated 
by  the  transient  scattering  cross  section  resulting  from 
the  dynamics  of  the  laser/aerosol  interaction. 

We  also  examined  the  delay  time  between  incident 
pulse  arrival  and  the  initial  appearance  of  broadband 
emission  (Br)  with  and  without  water  droplets  at  the 
focal  point  of  the  KrF  laser  beam  operating  at  100 
GW/cm^.  The  results  indicated  that  Bt  was  approxi¬ 
mately  5  nsec  with  droplets  at  the  fo<»l  point  and 
increased  to  12  nsec  when  no  droplets  were  present  at 
the  focal  point  Two  factors  are  known  to  contribute 
to  this  obMrvation.  First  it  is  well  documented  that 
the  presence  of  the  droplets  serves  to  amplify  the  mag¬ 
nitude  of  the  electric  field  near  the  shadow  surface  of  a 
transparent  droplet  Second,  it  is  possible  that  the 
presence  of  the  droplet  decreases  the  threshold  for 
ionization.  To  resolve  the  latter  issue  it  would  be 
necessary  to  determine  whether  initial  ionization  oc¬ 
curs  inside  or  outside  of  the  water  droplet 


To  understand  the  dynamics  of  the  laser/aerosol 
interaction  better  we  examined  typical  images  of  the 
droplets  at  various  times  during  the  aerosol  breakup. 
Figure  5  shows  representative  images  of  60-Mm-diame- 
ter  water  droplets  irradiated  by  3-GW/cm*  KrF  laser 
pulses.  The  imaging  pulses  used  for  illumination  of 
the  droplets  lag  the  high-energy  pulses  by  0,  20,  50, 
100, 300,  and  1000  nsec.  A  248-nm  bandpass  filter  was 
placed  in  the  optical  path  to  the  vidicon  to  eliminate 
the  passage  of  broadband  emission  into  the  imaging 
system.  The  sequence  of  photos  in  Fig.  5  illustrates 
that  material  is  expelled  from  both  the  illuminated 
and  shadow  hemispheres  of  the  droplet  within  100 
nsec  after  the  arrival  of  the  high-energy  pulse.  The 
average  velocity  of  the  material  ejected  from  the  shad¬ 
ow  hemisphere  during  the  first  50  nsec  can  be  estimat¬ 
ed  from  the  photographs  to  be  approximately  1500  m/ 
sec,  while  the  material  from  the  illuminated  hemi¬ 
sphere  is  expeUed  at  approximately  200  m/sec.  At  300 
nsec  the  expelled  materials  from  nearby  droplets  be¬ 
gin  to  interact  with  one  another.  This  mutual  interac¬ 
tion  between  the  expanding  plumes  of  adjacent  drop¬ 
lets  results  in  the  interesting  appearance  of  the  mate¬ 
rial  at  1000  nsec. 

Evidence  of  material  ejection  from  both  hemi¬ 
spheres  of  the  droplet  is  not  surprising,  according  to 
the  theoretical  Lorenz-Mic  calculations  of  the  inter¬ 
nal  source  fimction.  Figure  6,  which  shows  a  center- 
line  plot  of  the  normalized  internal  source  function 
(proportional  to  the  rate  of  volumetric  heating),  indi¬ 
cates  regions  of  high  source-function  values  near  the 
shadow  and  the  illuminated  surfaces  of  the  droplet. 
These  high  source-function  values  are  characteristic  of 
transparent  droplets  and  can  become  extremely  large 
under  resonance  conditions.^^ 

We  acknowledge  support  of  this  research  by  the 
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Simplified  scattering  coefficient  expressions  for  a  spherical  particle  located 
on  the  propagation  axis  of  a  fifth-order  Gaussian  beam 
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Expanding  on  developments  presented  in  an  earlier  paper,  theoretical  expressions  for  the 
scattering  coefficients  of  a  homogeneous,  absorbing,  spherical  particle  irradiated  by  a  fifth- 
order  Gaussian  beam  are  presented  for  the  special  case  of  the  particle  center  located  on  the 
propagation  axis  of  the  beam.  For  this  case,  evaluation  of  two-dimensional  surface  integrals, 
required  in  computing  the  scattering  coefficients  for  the  most  general  particle  location,  is 
reduced  to  a  computationally  more  efficient  one-dimensional  integral.  For  a  typical  size 
parameter  a  =  ird  /X  =  17,  the  CPU  time  required  for  calculation  of  scattering  coefficients  is 
reduced  by  a  factor  of  ~  ISOO  by  using  the  simplified  coefficient  expressions.  In  addition, 
computation  of  electromagnetic  field  components  is  reduced  from  double  summation  to  single 
summation  expressions,  further  simplifying  the  field  calculations. 


The  theoretical  development  for  a  plane  electromagnet¬ 
ic  wave  incident  on  a  homogeneous,  absorbing,  spherical 
particle  was  first  presented  near  the  turn  of  the  century'"’ 
and  has  been  used  extensively  in  investigating  the  interaction 
of  electromagnetic  waves  with  aerosol  particles.  While  plane 
wave  Lorenz-Mie  theor>'  has  been  adequate  in  many  situa¬ 
tions  of  practical  interest,  recent  applications  involving  the 
use  of  focused  laser  beams  have  required  the  use  of  more 
general  theories. 

In  earlier  work.  Barton  et  ai*  presented  a  rigorous  theo¬ 
retical  development  for  an  arbitrarily  defined  electromag¬ 
netic  beam  incident  on  a  homogeneous,  absorbing,  spherical 
particle  which  is  based  on  an  extension  of  the  classical  Lor- 
enz-Mie  approach.  This  theory  allows  calculation  of -both 
the  internal  and  external  electromagnetic  fields  given  any 
incident  beam  for  which  an  accurate  mathematical  descrip¬ 
tion  is  known.  .A  subsequent  paper  by  Barton  et  alf  utilized 
the  arbitrary  beam  theory  along  with  a  first-order  Gaussian 
beam  description  provided  by  Davis'’  to  investigate  the  effect 
of  focal  point  positioning  on  structural  resonances  within 
spherical  particles.  These  calculations  required  a  general¬ 
ized  approach  since  the  location  of  the  particle  was  varied  in 
and  around  the  focal  point  of  the  beam  in  order  to  determine 
the  location  of  maximum  excitation  of  resonances.  The  arbi¬ 
trary  beam  theory  was  also  used  by  Schaub  et  al?  to  explain 
expierimental  observations  regarding  the  interaction  of  a 
tightly  focused  CO-  laser  beam  incident  on  16S-//m-diam 
methanol  droplets  which  were  inconsistent  with  plane  wave 
Lorenz-Mie  theory  calculations.  A  recent  paper  by  Barton 
and  Alexander"  used  an  approach  similar  to  Davis  in  provid¬ 
ing  fifth-order  expressions  for  the  electric  and  magnetic  field 
components  for  a  focused  Gaussian  beam.  This  description 
provides  a  significantly  improved  solution  to  Maxwell’s 
equation  as  compared  to  the  first-order  description  yet  adds 
little  computational  complexity.  The  fifth-order  Gaussian 
beam  description  was  later  used  in  examining  net  force  and 
net  torque  induced  on  spherical  particles  for  both  linearly 
and  circularly  polarized  incident  light.* 

In  all  calculations  involving  an  arbitrary  incident  beam, 
the  majority  of  the  computation  time  is  used  in  determining 


the  appropriate  scattering  coefficients  required  in  the  series 
summations  for  the  electric  and  magnetic  field  components 
( see  Ref.  4 ) .  For  the  most  general  case  of  a  particle  located  at 
an  arbitrary  position  with  respect  to  the  beam  focal  point, 
the  determination  of  scattering  coefficients  involves  numeri¬ 
cal  evaluation  of  two-dimension  surface  integrals.  Such  coef¬ 
ficient  computation  can  be  substantially  simplified  for  the 
situation  when  the  particle  center  lies  somew  here  along  the 
propagation  axis  of  the  Gaussian  beam.  This  situation  corre¬ 
sponds  to  several  physically  important  cases  such  as  optical 
levitation  and  laser  fusion  studies.  In  this  letter  we  expand  on 
developments  from  our  earlier  papers’  "  and  present  simpli¬ 
fied  scattering  coefficient  expressions  for  the  case  of  a  spheri¬ 
cal  panicle  located  on  the  propagation  axis  of  a  fifth-order 
Gaussian  beam.  These  results  will  greatly  facilitate  the  com¬ 
putation  of  the  electromagnetic  fields  for  a  spherical  panicle 
irradiated  by  a  Gaussian  beam. 

For  the  specific  case  under  examination,  consider  the 
geometry  shown  in  Fig.  1  in  which  the  primed  coordinate 
system  has  its  origin  at  the  beam  focal  point  while  the  un¬ 
primed  coordinate  system  is  referenced  to  the  sphere  center 
which  is  located  on  the  z’  axis.  The  Gaussian  beam  is  propa¬ 
gating  in  the  -t-  z  =  +  z'  direction  with  linear  polarization 
in  thex  =  x'  direction.  For  convenience,  the  scattering  coef¬ 
ficients  from  Ref.  4  are  rewritten  as 
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Using  the  results  of  Barton  and  Alexander,"  the  incident 
electric  field  components  for  a  fifth-order  Gaussian  beam 
can  be  written  as 

(9) 
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In  these  equations,  fc  =  (cj/c)\l,wherefisthe  complex 
dielectric  constant  defined  as  ?  =  €  -l-  iAwa/o).  o  is  the  angu¬ 
lar  frequency,  c  is  the  speed  of  light,  and  a  is  the  electrical 
conductivity.  Also,  a  is  the  sphere  radius  and  n  is  the  com¬ 
plex  refractive  index  defined  by  n  =  (?„„  /f^.„  where  the 
subscripts  denote  internal  and  external  to  the  sphere,  respec¬ 
tively.  i/’,  and  ^'i"  =  tl’i  —  I'Xi  are  the  Riccati-Bessel  func¬ 
tions.  For  complete  details  of  the  derivation  the  reader  is 
referred  to  Ref.  4. 

For  brevity,  only  the  derivation  for  the  simplification  of 
Eq.  ( 5 )  will  be  presented  in  detail  since  the  derivation  corre¬ 
sponding  to  Eq.  (6)  follows  in  a  similar  manner.  Expanding 
the  radial  component  of  the  incident  electric  field  in  Eq.  (5) 
in  terms  of  Cartesian  coordinates  and  using  the  definition  of 
the  complex  conjugate  of  the  spherical  harmonic  function, 
Yf„  (Ref  10),  Eq.  (5)  can  be  rewritten  as 

sin  ^P7(cos  ^)J  [£'^'’(a,d,^)sin  dcos  ^ 

-H  £}"(fl,^,^)sin  ^sin  ^  -h  £l'’(fl,^,^)cos  B  ] 

X exp(  -  dd,  (7) 

where  P',”  is  the  associated  Legendre  function  and 

i2^1(/-m)!y-> 

V  4jr(/q.#n)!  ) 


= 
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and 

£l"/£„  =  £,(x7if„).  (11) 

Here,  is  the  electric  field  amplitude  at  the  focal  point  of 
the  beam  (x'  =  /  =  z'  =  0),  u^o  beam  waist,  and 


£,  =  r(  I  -  rp'Q- -1-  irp*Q^  +  2s*p^Q* 

-  Zis*p^Q^  -  O.SsVC''), 

£,  =  r(8sVe^  -  ZuVe-  -  2^'d, 

£,  =  r(  -  2se  +  bs'p-Q'  -  lisYQ^) 

-  lOiryg^  lO/rVe''  -f  rV"e  • ), 


(12) 

(13) 

(14) 


where 

r  =  iQ  exp(  —  /p-2)exp(  -  /27A.„,  uT,r ),  (15) 

Q=  (/  -I-  2z7<:,.„  u'^ )  “  ',  (16) 

p=W-+y-)/wl,  (17) 

and 

5=lA,.^,ir„.  (18) 

Noting  that 

x' =  r' sin  0 '  cos  rf' =  r' sin  d '  cos  rf,  (19) 

/  =  r'  sin  sin  d'  =  P  stn  sin  6,  (20) 

and 

z'  =  r' cos  6',  (21) 

it  is  straightforward  to  verify  that  all  F  functions  (Eqs. 
( 12)-(  14)  ]  are  independent  of  the  angle  6  (note:  ^  =  for 
particle  center  on  the  propagation  axis).  Equation  (7)  can 
now  be  expressed  as 
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Ai„=EoGi^j  sin  5P7(cos  S'"  ®  cos  if>  exp(  —  im4>)d$  +  ^  sin  g  J  cos*  ^  cxp(  — 

+  F-i'^  sin  6  r  (cos  ^  —  cos*  <j)exp(  —  im^)d^  +  fI^  ^-Icos  6  f  cos  ^  exp(  — 

'\  Wa  /  Jo  \  0)o  /  Jo  J 


The  two  terms  involving  cos*  ^  are  of  opposite  sign  and  will 
cancel.  Equation  (22)  can  be  further  simplified  using  the 
orthogonal  properties  of  the  cosine  function: 

r  cos  exp(  — (23) 

Jo  I0,m#|ll. 

For  m  =  +  1  the  final  result  can  be  written  as 

4  =  f_iLLL-Y"' 

Urria+\)J  /(/+ l)«^;(^„.a) 

xj"  sin  ^FJ'’(cos  ^)|f,  sin  ^ 

.  -/’r'sin^’y.  .  ,  _/r'sin5'\  ^1.^ 

+  F;l - 1  sin  6  +  Fjl - Jcos  6  \d9. 

(24) 

Using  the  relation  from  Ref.  10. 

Fi'’(x)=  -iyi^F!-''(x)  (25) 

for  the  m  =  —  1  case  will  give  the  result 

.4,..,  =  -.4,.,.  (26) 

The  development  for  [Eq.  (6)]  follows  in  a  parallel 
fashion  yielding 

5/.  *  I  —  (  —  I  \  ).4/  .  ,  (27) 

and 

_  I  =  5,  ,  I .  ( 28 ) 

Equations  (24)  and  (26)-(28)  along  with  Eqs.  (1)- 
(4)  completely  determine  the  scattering  coefficients  for  a 
fifth-order  Gaussian  beam  incident  on  a  spherical  particle 


located  on  the  propagation  axis  of  the  beam.  The  results 
presented  in  this  paper  have  reduced  the  required  numerical 
integration  from  two-dimensional  surface  integrals  [Eqs. 
(S)  and  (6)]  to  a  computationally  more  efficient  one-di¬ 
mensional  integral  [Eq.  (24)].  Comparing  the  two  methods 
for  a  typical  size  parameter  a  =  vd/A  =  n  and  complex 
index  of  refraction  fi  =  1.5  0.01/,  the  time  required  for 

computation  of  scattering  coefficients  was  reduced  by  a  fac¬ 
tor  of  — 1500  by  using  the  simplified  coefficient  expression. 
In  general,  the  CPU  savings  in  coefficient  computation  wiU 
increase  at  a  rate  approximately  proportional  to  the  size  pa¬ 
rameter.  In  addition,  summation  of  electric  and  magnetic 
field  components,  which  was  previously  over  the  two  indices 
/  and  m  (sec  Ref.  4),  is  reduced  to  a  summation  over  the 
single  index  /,  further  simplifying  the  electromagnetic  field 
calculations. 

We  acknowledge  support  of  this  work  by  the  Army  Re¬ 
search  Office  under  contract  DAAL03-87-K-0138. 


•G.  Mie,  Ann.  Phys.  25,  377  (1908). 

=P.  Debye.  Ann.  Phys.  30,  57  ( 1909). 

’L.  Loreni,  Videnslib.  Se)s)cnb.  Sjtrifier.  6  (1890). 

"3.  P.  Barton,  D.  R.  Alexander,  and  S.  A.  Schaub,  J.  Appl.  Phys.  64,  1632 
(1988). 

P.  Barton.  D.  R.  Alexander,  and  S.  A.  Schaub,  3.  Appl.  Phys.  65,  2900 
(1989). 

•■L.  W  Davis,  Phys  Rev.  A  19,  1 177  ( 1979). 

’S.  A.  Schaub,  D.  R.  Alexander,  J.  P.  Barton,  and  M.  A.  Emanuel,  Appl. 
Opt.  2a,  1666(1989). 

"J.  P.  Barton  and  D.  R.  Alexander,  J.  Appl.  Phys  66,  28tX)  ( 1989). 

®J.  P.  Barton  D.  R.  Alexander,  and  S.  A.  Schaub,  J.  Appl  Phys.  66. 4594 
(1989). 

‘"J.  D.  Jackson,  Classical  Electrodynamics,  2nd  ed.  (Wiley,  New  York. 
1975). 


2711 


Appl.  Phys  Len.,  Vol  55,  No  26, 25  Docombor  1 989 


Schaub,  Barton,  and  Alaxandar 


2711 


Fifth-order  corrected  electromagnetic  field  components  for  a  fundamental 
Gaussian  beam 
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Fifth-order  corrected  expressions  for  the  electromagnetic  field  components  of  a 
monochromatic  fundamental  Gaussian  beam  (i.e.,  a  focused  TEM„o  mode  laser  beam) 
propagating  within  a  homogeneous  dielectric  media  are  derived  and  presented.  Calculations  of 
relative  error  indicate  that  the  fifth-order  Gaussian  beam  description  provides  a  significantly 
impro^■ed  solution  to  Maxwell's  equations  in  comparison  with  commonly  used  paraxial 
I  (zeroth-order)  and  first-order  Gaussian  beam  descriptions. 


I.  INTRODUCTION 

In  two  recent  papers,'"’  theoretical  calculations  have 
been  presented  investigating  the  electromagnetic  interaction 
of  a  monochromatic  fundamental  Gaussian  beam  (i.e.,  a 
TEM^,o  mode  focused  laser  beam)  with  a  homogeneous 
spherical  particle.  A  mathematical  description  of  the  elec¬ 
tromagnetic  field  components  of  the  incident  Gaussian 
beam  which  accurately  satisfies  Maxwell’s  equations  is  re¬ 
quired  for  these  calculations.  In  Refs.  1  and  2,  first-order 
corrected  expressions  developed  by  Davis’  were  used  for  the 
incident  Gaussian  beam  description.  This  first-order  cor¬ 
rected  Gaussian  beam  description,  which  is  consistent  with 
the  first-order  corrected  expressions  of  Lax,  Louise)),  and 
McKnighf*  and  the  des  elopment  of  Simon,  Sudarshan,  and 
Muhunda,’  has  been  found  to  give  good  results  when  the 
beam  waist  radius  (wf)  is  much  greater  than  the  wavelength 
(/.). 

For  tightly  focused  beams,  where  the  beam  waist  radius 
is  of  the  same  order  as  the  wavelength,  the  first-order  cor¬ 
rected  Gaussian  beam  description  satisfies  Maxwell's  equa¬ 
tions  less  accurately  and  the  electromagnetic  field  calcula¬ 
tions  using  the  spherical  particle/arbitrary  beam  interaction 
theory  of  Ref  1  likewise  become  less  accurate.  In  Ref  3, 
Davis  presents  a  procedure  for  developing  a  higher-order 
corrected  Gaussian  beam  description  and  provides  expres¬ 
sions  for  two  of  the  three  electric  field  components  to  third 
order  in  the  parameter  s,  where 

^  =  =  )•  (J) 

kwq  IttKWqJ 

However,  Davis's  expressions  are  for  vacuum  conditions 
only,  do  not  include  the  third  electric  field  component  or  the 
magnetic  field  components,  and,  beyond  first  order,  lack 
symmetry  with  regard  to  the  electric  and  magnetic  field 
components. 

In  this  paper,  a  modification  and  extension  of  the  proce¬ 
dure  introduced  by  Davis’  is  used  to  derive  fifth-order  cor¬ 
rected  expressions  for  all  six  electromagnetic  field  compo¬ 
nents.  These  expressions  are  symmetrical  with  regard  to  the 
electric  and  magnetic  field  components  and  are  applicable 
for  dielectric  media.  A  comparison  of  relative  error  as  a  func¬ 
tion  of  order  and  tightness  of  focus  is  also  presented.  These 
results  should  be  of  interest  to  anyone  requiring  an  accurate 


Gaussian  beam  description,  particularly  for  tightly  focused 
conditions. 

II.  THEORETICAL  DEVELOPMENT 

The  propagation  of  a  monochromatic  beam  within  iso¬ 
tropic,  homogeneous,  nonmagnetic  (.ft  =  1),  nonconduct¬ 
ing  (<7  =  0)  dielectric  media  is  considered.  A  harmonic  time 
dependence  of  e  * is  assumed.  (The  e  *  is  dropped  from 
all  subsequent  time-dependent  terms. )  For  these  conditions. 
Maxwell's  equations  can  be  written  in  the  following  form: 


d 

II 

W 

(2) 

Vx(HAe)  -/kE  =  0, 

(3) 

VxE-l-tA-(H/vf)  =0, 

(4) 

and 

V-(H/vf )  =  0, 

(5) 

where  k  =  ^eco/c  =  2~/A  is  the  wave  number  within  the 
media.  In  the  Lorentz  gauge,  a  vector  potential  A  can  be 
defined  such  that  if  .A  is  a  solution  of  the  Helmholtz  equa¬ 
tion. 

V’A  -I-  A  ’A  =  0, 

(6) 

then 

E  =  -  (//A)V(V-A)  -/AA 

(7) 

and 

H/^f  =  VxA 

(8) 

satisfy  Maxwell's  equations,  Eqs.  (2)-(5). 

Da\  is’  observed  that,  for  a  beam  propagating  in  the  -(-  z 
axis  direction,  if  the  vector  potential  is  assumed  linearly  po¬ 
larized  in  the  x  axis  direction, 

A  =  Ax  (9) 

where 

A  =  tl’(xo.-,z)e- (10) 

then  Eqs.  (6)-(8)  provide  a  linearly  polarized  (predomi¬ 
nate  electric  field  polarization  in  the  x  axis  direction )  Gaus¬ 
sian  beam.  Foreseeing  a  solution  similar  to  the  well-estab¬ 
lished  paraxial  (zeroth-order)  Gaussian  beam  solution  (see, 
for  example,  Yariv*’),  the  spatial  coordinates  transverse  to 
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the  direction  of  propagation  are  normalized  relative  to  the 
beam  waist  radius,  ^  =  x/w^  and  rj  =  y/Wo,  and  the  spatial 
coordinate  in  the  direction  of  propagation  is  normalized  rel¬ 
ative  to  the  diffraction  length,  ^  —  z/^kw^).  With  this 
change  of  spatial  variables,  the  expression  for  the  vector  po¬ 
tential  becomes 


A  =  (11) 

and  Helmholtz  equation,  in  terms  of  ip,  can  be  rearranged  as 


(JL+Il-2iJ-]ip= 

9rf^  d;r  = 

(12) 

If  the  parameter  s,  defined  in  Eq.  ( 1 ),  is  assumed  small 
(iCo>>l)  then  from  Eq.  (12)  it  is  apparent  that  \p  can  be 

expanded  as  a  sum  of  even  powers  of  s  so  that 

Ip  =  il'o  4"  ^‘t/'j  4-  s*il\  4-  ■  ■ 

(13) 

where 

(14) 

(15) 

(16) 

Us’  ^ dr  ■  3^r*  3c-  ’ 

etc. 

Equation  (14)  is  the  familiar  paraxial  beam  equation,* 
which  has  the  solution 

i/'o=  iQe\p{  -  ip-Q),  (17) 

where  p'  =  c  *  -f  and  Q  =  \/{i  -1-  ).  Substituting  Eq. 

( 17)  into  Eq.  (15),  Davis  Found 

i!’2=i2lQ  +  ip^Q-)t!'o.  (18) 

Continuing  and  substituting  Eq.  (18)  into  Eq.  (16)  it  fol¬ 
lows  that 

I'U  =  (  -  62=  -  3p^2"  -  V2'  -  0,5p^2")t'o.  ( 19) 
Using 

A  ~  ( i''o  +  ri/’2-h  /i/'j )  e  "  '"i  ( 20) 

with  Eqs.  (7)  and  (8)  would  give  expressions  for  electro¬ 
magnetic  field  components  to  fifth  order  in  s.  However,  be¬ 
yond  first  order,  these  expressions  for  the  electric  and  mag¬ 
netic  field  components  lack  symmetry.  [Note  since  A  =  Ax, 
Eq.  ( 8 )  indicates  H,  =0  for  all  orders  of  s.  ]  In  order  to 
develop  a  Gaussian  beam  description  for  which  the  electric 
and  magnetic  field  component  expression  have  symmetry, 
the  derivation  was  repeated  with 

H’Af  =  -I- (/A)V(V-A') (21) 

and 

E’  =  VxA',  (22) 

where 

'7-A'  +  k-A'  =  0  (23) 

and 

A’  =  A-yr:=f(x,y,z)e-’‘-^y.  (24) 

The  solution  of  Eqs.  (7)  and  (8)  was  appropriately  add¬ 
ed  to  the  solution  of  Eqs.  (21 )  and  (22)  and  the  result  divid¬ 


ed  by  two.  The  resulting  electromagnetic  field  component 
expressions,  to  fifth  order  in  the  parameter  s,  are  as  follows; 

=  £o{l  +  i-'( -p-Q-  +  -  22=1=) 

4-  sM  +  2p*Q*  -  ■iip^Q^  -  0.5p’‘2‘ 

-I-  (ip-Q*  -  ap*Q^H-\}iP^-'>'^,  (25) 

E,  =  -  22-57)  +  (Sp-e''  -  2//2- )57]>4 

(26) 

E,  =  -  22s )  +  5-’l  (  +  -  2ip*Q*)^  ] 

-I-  s-'ll  -  20p'‘2’  +  10/p*2"  +p'e")5 

(27) 

-  22=s7)  +  !‘*{(ip-Q*  -  2;p"2")S7]}4 

Xe- (28) 

H,  =  ve£o{l  +  r(  - p=2'  +  ip"Q^  -  22=7') 

4-  -b  2p‘‘2"  -  3;p*2’  -  0.5p''2‘ 

+  ( 8p=2  "  -  -' )  7'  ]  ( 29 ) 

and 

=  s'eEM  -  2Q7)  +  r’[ (  +  6p=2'  -  2/p^2')7] 

4-  /[(  -  20p*Q^  +  10/p*2‘  +p'e’)7lHV 

(30) 

where  iPq  is  given  by  Eq.  (17). 

In  Eqs.  (25)-(30),  £o  ills  electric  field  amplitude  at 
the  focal  point  of  the  beam  (^  =  7  =  c  =  0)  which  can  be 
related  to  the  beam  power  P  by 


— - - - - .  v-’*; 

x6ca-(;(l  4-^4-  USs^) 

To  zeroth  order  in  s,  Eqs.  (25)-(30)  provide  the  famil¬ 
iar  paraxial  Gaussian  beam  description.*  To  first  order  in  s, 
Eqs.  (25)-(30)  are  identical  to  the  first-order  corrected  ex¬ 
pressions  of  Davis’  and  Lax,  Louisell,  and  McKnight^  and 
the  development  of  Simon,  Sudarshan,  and  Mukunda.’ 
Equations  ( 25 )-( 30)  are  for  a  harmonic  time  dependence  of 
e  *  If  a  harmonic  time  dependence  of  e  "  is  assumed, 
then  the  complex  conjugate  of  Eqs.  (25)-(30)  can  be  used. 

III.  RELATIVE  ACCURACY 

The  fifth-order  corrected  Gaussian  beam  description 
was  verified  by  directly  substituting  the  electromagnetic 
field  components  given  by  Eqs.  (25)-(30)  into  Maxwell's 
equations,  Eqs.  ( 2 )-( 5 ),  and  calculating  the  relative  percent 
error.  [The  relative  percent  error  was  computed  by  taking 
the  percent  deviation  of  the  magnitude  of  the  left-hand  side 
of  each  equation  from  zero  relative  to  k  ,E|  for  Eqs.  (2)  and 
(3)  and  relative  to  k  ,H|/ve  for  Eqs.  (4)  and  (5).]  Table  I 
provides  a  comparison  of  the  percent  error  for  j  =  0.02, 0.05, 
0.10, 0.20, 0.30,  and  0.40  for  zeroth-  to  fifth-order  Gaussian 
beam  descriptions.  Both  the  average  percent  error  and  the 
maximum  percent  error  were  calculated  for  2 1 6  spatial  posi¬ 
tions  surrounding  the  focal  point  consisting  of  all  combina¬ 
tions  of  7,  f  =  0.0, 0.1, 0.2, 0.5, 1.0,  and  1.5.  .As  shown  in 
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TABLE  1-  Average  percent  error  and  maximum  percent  error  of  solution  to  Maxwell's  equations  for  zeroth-  to  fifth-order  Gaussian  beam  descriptions  vs  s. 
Percent  error  calculated  for  216  points  consisting  of  all  combinations  of  f  =  0.0, 0.1,  0.2,  0.5,  1.0,  and  1.5. 


s  = 

0.02 

0.05 

0.10 

0.20 

0.30 

040 

avg% 

0.817 

2.10 

4.37 

9.47 

15.3 

21.8 

max% 

3.07 

7.94 

16.8 

37.0 

60.8 

88.0 

x' 

avg9i 

1.73x10-- 

0.111 

0.457 

1.90 

4.33 

7.74 

max% 

9.28X10-* 

0.603 

2.51 

10.3 

22.6 

38.4 

r 

avg% 

6  43X10-* 

1.05X10-’ 

8.85x10-’ 

0.757 

2.56 

5.89 

max% 

8.23x10-’ 

0.133 

1.14 

10.7 

31.9 

49.3 

avg% 

2..36X10-’ 

9.58X10-* 

1.61x10-’ 

0.277 

1.44 

4.25 

max% 

1.97x10-* 

8.26X  I0-’ 

0.144 

2.51 

19.1 

36.0 

i‘ 

avg% 

1.15x10-* 

1.19X10-* 

4.10x10-’ 

0.148 

1.13 

3.85 

max% 

2.46x10-* 

2.52x10-’ 

8.85x10-’ 

3.99 

38.2 

54.0 

r' 

avg% 

5.13x10-“ 

1.27x10-* 

8.69x10-* 

6.19x10-’ 

0.725 

3.34 

max% 

7.58x10-’ 

1.99X10-* 

1.40x10-  = 

1.19 

22.2 

36.6 

Table  I,  the  fifth-order  Gaussian  beam  description  gives  a 
significant  improvement  in  accuracy  in  comparison  with  the 
commonly  used  zeroth-  and  first-order  descriptions.  As 
might  be  expected,  the  fifth-order  Gaussian  beam  expres¬ 
sions  become  less  accurate  as  s  approaches  one.  .According  to 
these  calculations,  if  a  deviation  of  1  %  is  acceptable,  then  the 
fifth-order  description  can  be  used  for  i  less  than  about  0.2. 
.A.n  s  value  of  0.2  corresponds  to  a  beam  waist  radius  to  wave¬ 
length  ratio  of  about  0.8. 

IV.  DISCUSSION 

The  fifth-order  Gaussian  beam  description  has  been 
used  with  the  spherical  particle/arbitrary  beam  interaction 
theory  of  Ref.  1  with  improved  results  in  comparison  with 
the  previously  used  first-order  Gaussian  beam  description 
(as  evidenced  by  improved  matching  of  boundary  condi¬ 
tions  across  the  surface  of  the  sphere,  etc.). 

The  procedure  outlined  here  could  be  continued  to  de¬ 
velop  higher-order  corrected  Gaussian  beam  descriptions. 
In  addition,  as  suggested  by  Zauderer,’  the  transverse  spatial 


derivatives  of  Eqs.  (25)-(30)  (and  linear  combinations  of 
these  derivatives)  perhaps  could  be  used  to  construct  cor¬ 
rected  expressions  for  higher-mode  Gaussian  beams.  This 
advanced  work  is  presently  under  consideration. 
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Series  expressions  for  the  net  radiation  force  and  torque  for  a  spherical  particle  illuminated  by 
an  arbitrarily  defined  monochromatic  beam  are  derived  utilizing  the  spherical-particle/ 
arbitrary-beam  interaction  theory  developed  in  an  earlier  paper.  Calculations  of  net  force  and 
torque  are  presented  for  a  5-/um-diam  water  droplet  in  air  optically  levitated  by  a  tightly 
focused  (2/im  beam  waist  diameter)  TEMoo-mode  argon-ion  (A.  =  0.5145  fim)  laser  beam  for 
on  and  off  propagation  axis,  and  on  and  off  structural  resonance  conditions.  Several  features  of 
these  theoretical  results  are  related  to  corresponding  experimental  observations. 


I.  INTRODUCTION 

The  optical  levitation  of  transparent  micrometer-sized 
spherical  particles  using  a  focused  TEMoo-mode  laser  beam 
was  first  proposed  and  experimentally  demonstrated  by 
Ashkin'  in  1970.  Subsequently,  .Ashkin,"’^  Ashkin  and 
Dziedzic,'^' '  and  other  researchers have  further  investi¬ 
gated  the  various  aspects  and  applications  of  optical  particle 
levitation.  As  discussed  in  these  papers,  the  nonintrusive 
precision  manipulation  of  micrometer-sized  particles  of¬ 
fered  by  optical  levitation  can  be  advantageously  utilized  for 
the  study  of  microchemistry,  aerosol  physics,  and  particle 
light  scattering. 

Theoretical  expressions  for  the  net  radiation  force  on  a 
homogeneous  spherical  particle  illuminated  by  an  electro¬ 
magnetic,  linearly  polarized  plane  wave  were  developed  by 
Debye”  in  1909.  (A  similar,  more  recent,  development  is 
given  in  Kerker.‘°)  Marston  and  Crichton’''"  developed 
theoretical  expressions  for  the  net  radiation  torque  induced 
on  a  homogeneous  spherical  particle  illuminated  by  a  circu¬ 
larly  polarized  plane  wave. 

For  optical  levitation  arrangements,  however,  the  diam¬ 
eters  of  the  laser  beam  and  the  spherical  particle  are  of  the 
same  order,  and  the  plane-wave  assumption  is  not  appropri¬ 
ate.  Roosen  and  co-workers’’"’*  have  performed  net  radi¬ 
ation  force  calculations  for  a  spherical  particle  within  a  fo¬ 
cused  laser  beam  using  geometrical  optics.  This  geometrical 
optics  analysis  would  not  be  accurate  for  conditions  near 
structural  resonance  or  when  the  diameter  of  the  particle 
and  the  incident  wavelength  are  of  the  same  order. 

Theoretical  expressions  for  the  internal  and  external 
electromagnetic  fields  of  a  homogeneous  spherical  panicle 
illuminated  by  a  focused  iaser  beam  based  upon  a  rigorous, 
complete  solution  of  Maxwell’s  equations  have  been  devel¬ 
oped,  each  utilizing  different  app.vraches,  by  Kim  and  Lee,’’ 
Gouesbet,  Maheu,  and  Grehan,’*  and  Barton,  Alexander, 
and  Schaub.’*  In  the  approach  used  by  Kim  and  Lee,’’  the 
electromagnetic  field  of  the  incident  beam  is  described  using 
the  complex-source-point  method.  Reference  27  contains  se¬ 
ries-form  theoretical  expressions  for  the  net  radiation  force 
on  the  particle,  in  terms  of  this  formulation,  and  in  a  later 
paper  by  Chang  and  Lee,’°  series  expressions  for  the  net 


torque  are  presented.  In  the  approach  of  Gouesbet  and  co- 
workers,’*  the  coefficients  describing  the  incident  beam  are 
generated  using  computationally  difficult  surface  integrals 
over  an  infinite  half-plane.  Reference  28  presents  series  ex¬ 
pressions  for  the  net  radiation  force  on  the  particle  in  terms 
of  these  coefficients. 

In  the  recently  developed  formalism  of  Barton  and  co- 
workers,”  the  incident  beam  is  arbitrarily  defined,  not  re¬ 
stricted  to  the  complex-source-point  description  as  in  Refs. 
27  and  30,  and  the  coefficients  necessary  to  describe  the  inci¬ 
dent  beam  are  generated  using  finite  surface  integrals,  which 
is  more  computationally  efficient  than  the  required  integrals 
of  Ref.  28. 

Presented  here  are  series-form  theoretical  expressions 
for  the  net  radiation  force  and  torque  for  a  spherical  particle 
illuminated  by  an  arbitrary  beam  utilizing  the  spherical -par¬ 
ticle/arbitrary-beam  interaction  theory  of  Barton  and  co¬ 
workers.”  As  an  application  of  these  equations,  calculations 
are  presented  for  the  net  radiation  force  and  torque  for  a  5- 
/zm-diam  water  droplet  in  air  levitated  by  a  single,  vertically 
oriented,  focused  (2pm  beam  waist  diameter)  TEMoo-niode 
argon-ion  (0.5145/um  wavelength)  laser  beam  for  on  and  off 
propagation  axis,  and  on  and  off  structural  resonance  condi¬ 
tions.  Several  features  of  these  theoretical  results  are  related 
to  corresponding  experimental  observations. 

II.  THEORY 

The  particular  problem  considered  is  that  of  a  homoge¬ 
neous  spherical  particle  within  an  infinite  dielectric  media 
illuminated  by  a  monochromatic  electromagnetic  beam. 
Both  the  particle  and  the  surrounding  medium  are  linear, 
isotropic,  and  nonmagnetic  (p  =  1  is  assumed  throughout). 
Theoretical  expressions  for  the  incident,  scattered,  and  in¬ 
ternal  electromagnetic  field  components  are  derived  in  Ref 
29.  These  ec^Uations  are  given,  in  complete  nondimensional 
form,  in  Appendix  A.  A  coordinate  system  with  the  origin  at 
the  sphere  center  is  assumed,  and  all  electromagnetic  field 
components  are  normalized  relative  to  an  electric  field  mag¬ 
nitude  characteristic  of  the  incident  beam  The  time-de¬ 
pendent  complex  exponential  e  is  omitted  from  these 
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and  all  subsequent  expressions.  The  fundamental  param¬ 
eters  of  the  analysis  are  the  dielectric  constant  of  the  sur¬ 
rounding  medium,  ,  the  complex  relative  index  of  refrac¬ 
tion  of  the  particle  n  =  and  the  particle  size 

parameter  a  =  Iva/X,  where  a  is  the  radius  of  the  particle 
and  X  is  the  wavelength  in  the  surrounding  medium. 

The  coefficients  that  describe  the  assumed  known  inci¬ 
dent  beam,  A,„  and  B,„,  are  generated  using  the  surface 
integrals  of  Eqs.  (A23)  and  (A24).  The  coefficients  that 
describe  the  scattered  electromagnetic  field,  ai„  and  ,  are 
related  ioA,„  and  B,„  by  Eqs.  (A19)  and  (A20).  (For  an 
incident  plane  wave,  all  A,„  and  B,„  are  zero  except  for 
m  =  +  1,  and  the  solution  reduces  identically  to  that  of  Mie 
theory. ) 

Assuming  a  steady-state  condition,  the  net  radiation 
force  F  on  the  particle  can  be  determined  by  integrating  the 
dot  product  of  the  outwardl>;_directed  normal  unit  vector  h 
and  Maxwell’s  stress  tensor  T  over  a  surface  enclosing  the 
particle’ 

<F)  =  (1) 

where  ( )  represents  a  time  average.  The  appropriate  form  of 
Maxwell’s  stress  tensor  to  use  in  Eq.  ( 1 )  is  the  topic  of  recent 
reviews  by  Robinson”  and  Brevik.”  .Apparently,  for  steady- 
state  optical  conditions,  the  traditional  Minkowski  form  of 
Maxwell’s  stress  tensor, 

7'=i^eEE-t-HH--j(e£=-f =  (2) 

will  give  correct  results.  The  so-called  “.Abraham’s  term’’  is 
negligible  at  optical  frequencies,  and  at  steady-state,  elec- 
trostricti\e  forces  are  balanced  by  mechanical  pressures. 
The  reader  is  referred  to  Refs.  32  and  33  for  funher  discus¬ 
sion.  , 


Substituting  Eq.  (2)  into  Eq.  ( 1 )  and  integrating  over  a 
spherical  surface  r>  fl  gives 

-I-  sin  dddd<f)\,^^.  (3) 

In  a  form  consistent  with  the  nondimensionalized  electro¬ 
magnetic  field  equations  given  in  .Appendix  A,  Eq.  (3)  be¬ 
comes 

=  “T  r"  [  (i f  ^E,Er-E,E%-E^Et) 

8;r  Jo  Jo  \2 

^  -  H,Ht  ~  H^HDYr  +  E,E  % 

+  H,Ht)e  +  (f„.£,£*  +  /f,^f*)^) 

'Ki^  sin  d dd dd>\y^^,  (4) 

where,  here,  E  =  E<'>  -|-  E'">  and  H  =  H'”  -I-  . 

Numerical  calculation  of  the  surface  integral  of  Eq.  (4) 
can  be  avoided  by  substituting  the  series  expressions  for  the 
electromagnetic  field  components  (from  .Appendix  .A)  and 
evaluating  at  the  large  radius  limit  (r>fl),  where 

tf’,(ar)=>sin(ar— /r/2), 

and 

|■;''(a?•)=>  -  / exp[  +  i(af-  lz/1)]. 

■After  a  great  deal  of  algebra  and  applying  numerous  recur¬ 
sion,  product,  and  orthogonality  relationships  among  the 
spherical  harmonic  functions,  Eq.  (4)  can  be  directly  inte¬ 
grated,  and  the  net  force  on  the  particle  can  be  expressed  as  a 
series  over  the  coefficients  a,„ ,  b,„  ,A/„,  and  ; 


(EJ+HE,) 


and 


=  -h 


ct~  y  ^  V  f  /(/  -h  m  -I-  2) (/  H 

16s-  (2I+])(21 


m  -(-  1 ) 


/(H-2) 


1677  (2/-!- l)(2/-f-3) 

X(2e„,a,,„af.  ,  +  e„,a,„A  ,  ^  ,  +  e„,A,„af^  ^  ,  +  26,,„6  7.,  , 


+  I )  -f 


4 


{I-m  +  \){l-m  +  2) 


l{l+2){2€„,a,^  ,  ,a*„  -i-  ,.4  1 


(21+  l)(2/+3) 

+  fcxl-4/+  I.,,,  _  1  +  26;^  I.m  -  1  ^  *m  +  ^J+  l.m  -  I  ^  fm  +  +  l.m  -  I  ^  7m  ) 


-  V  (/  -h  m  -f  1 )  (/  -  m)  ^  e„,  (  -  2a, „b  ^„^,  +  +  ,  -  a,„B  r„  ^ 

+  ^imA  7m  +  1  -h  Bi„aJ„  ^  ,  —  A,„b^„  +  I 


X  X  lm(/(/-H2)  / 


(/-  m  -)-  !)(/-(-  m  -I-  1) 


(2l  +  3)(2l+  1) 

X  (2f„,fl/.,  l.m^Tn  +  I.m-^  (m  "t"  ^cst  +  l.m  ^  /m  -t  Im 

+  ^/+l.m*7m)  +v7nr"l(2a,m6  7„  -|-0,„£7m  -h>4,„67m))- 


(5) 


(6) 
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The  series  expressions  of  Eqs.  (5)  and  (6)  were  verified  by 
comparison  with  the  numerical  calculation  of  the  surface 
integral  of  Eq.  (4)  for  several  different  cases  and  agreement 
w’as  found. 

The  net  radiation  torque  N  on  the  particle  can  be  deter¬ 
mined  by  performing  a  surface  integral  of  the  dot  product  of 
the  outwardly  directed  normal  unit  vector  h  and  the  pseudo- 
tensor,  r Xr,  over  a  surface  enclosing  the  particle”; 

(S)=  -{jHfxT)ds''j.  (7) 

If  a  spherical  surface  of  radius  r>  a  is  chosen,  then 

<N)  =  -  f'  r  <  [ 

4rr  Jo  Jo 

-  [e^^,E,Ee+H,H,)4>]ysinddeMU^. 

(8) 

or,  consistent  with  the  form  of  the  nondimensional  electro¬ 
magnetic  field  equations  given  in  Appendix  A, 

o'Eq  8jr  Jo  Jo 

-  (€,,,E,Et  +  sin  ede d<i\,,,  (9) 


where,  as  before,  E  =  £<'>  -f  E‘”  and  H  =  H'''>  -f  H<’>. 
Substituting  for  the  electromagnetic  field  components  from 
•Appendix  .4  and  evaluating  at  the  large  limit,  Eq.  (9)  can  be 
directly  integrated  ( after  a  great  deal  of  effort )  to  give  equiv¬ 
alent  series  expressions; 

(S'  )  /T  «  ' 

-  ^  I  1 

Q  E  Q  8/7  /  *  1  m  ae  —  / 

)<\(l  -  m)(l  +  m  +  1 ) 

X  1  +  , 

+  fcM  ,  I  +  “/..n  ,  1  ^  Tm 

+  (10) 


X  !'»{«/+ 1) 

Q  h,  Q  O  It  I  ~  \  m  sz  —  I 

X  s(l-m)(l-\-m+  1)  [  a,„,  af„  ,  , 

"i"  ^ ^  l.m  ]  "1  ^ent  ^ lm‘^  /,m  >  1 

~  *  I^Tm  J'  .,1  ~  ^  l.rr  -x  I  ^  ]}  x 

(11) 


-T^=-7-Z  £  (/+ l)/n[f„,!a,„|’+ ,fi„ 

a  £,  Q  oTT  I  ^  I  m  ^  -  I 


+  ^e(fr»o,„Ar„  +  b,„Br„)].  (12) 

Equations  ( 10)-(  12)  were  verified  versus  Eq.  (9)  for  sever¬ 
al  various  cases  and  agreement  was  found. 

Since  the  power  of  the  incident  beam  is  directly  propor¬ 
tional  toEj,  Eqs.  (5),  (6)  and  (10)-(12)  indicate  that  the 


net  radiation  force  and  torque  on  the  particle  are  directly 
proportional  to  the  power  of  the  incident  beam. 

III.  LINEARLY  POLARIZED  BEAM  CALCULATIONS 

The  theoretical  expressions  of  Sec.  II  were  used  to  deter¬ 
mine  the  radiation  force  and  torque  as  a  function  of  droplet 
position  relative  to  the  incident  beam  focal  point  for  a  S-^m- 
diam  water  droplet  in  air  optically  levitated  by  a  single,  verti¬ 
cally  oriented,  focused  TEMoo-mode  (Gaussian-profiled) 
argon-ion  laser  beam  {A  =  0.5145  //m).  The  laser  beam  is 
assumed  to  propagate  in  the  +  z-axis  direction  and  is  linear¬ 
ly  polarized  with  the  electric  field  oscillation  in  the  x-axis 
direction.  The  laser  beam  is  tightly  focused  to  a  beam  waist 
diameter  {2wq)  of  2  fim  (less  than  the  droplet  diameter), 
and  the  x^,  yo,  and  Zq  coordinates  are  used  to  denote  the 
location  of  the  droplet  center  relative  to  the  focal  point  of  the 
beam.  The  electromagnetic  field  comptonents  of  the  incident 
beam,  necessary  for  the  evaluation  of  the  integrals  given  in 
Eqs.  (A23)  and  (A24),  are  mathematically  expressed  using 
a  fifth-order  corrected  Gaussian  beam  description^  which  is 
an  extension  of  the  Gaussian  beam  description  earlier  devel- 
Ofied  by  Davis.^*  The  characteristic  electric  field  magnitude 
of  the  incident  beam  Eq  is  the  electric  field  magnitude  at  the 
beam  focal  point  which  can  be  related  to  the  beam  power  P 
by^ 

El=  - ,  (13) 

yfe^cwoil  1.5s‘') 

where  s  =  A  The  refractive  index  for  water  at  the 

0.5]45-fim  wavelength  is  n  =  1.334  +  1.2X  10“’;.’* 

Figure  1  shows  the  calculated  power  for  levitation  {P 
such  that  {F. )  =  mg  where  m  is  the  mass  of  the  droplet  and 
g  is  the  acceleration  of  gravity )  as  a  function  of  droplet  diam¬ 
eter  for  droplets  located  on  the  incident  beam  propagation 
axis  (Xo  =  ^>0  =  0)  for  an  elex  ation  just  below  the  focal  point 
at  Zq  =  —  5  //m  and  an  elevation  well  above  the  focal  point  at 
Z(,  =  -f  50//m.  (These  are  positions  of  stable  levitation,  as 
will  be  shown,  later,  in  Fig.  2. )  .4t  Zq  =  —  5  fim  the  beam 
diameter  is  about  2.6  fim,  while  at  Zq  =  -I-  50  fim  the  beam 
diameter  has  spread  to  about  16.5  ^im.  .4s  shown  in  Fig.  1, 


a 

FIG.  I .  Power  x’s.  droplet  diameter  for  the  optical  levitation  of  a  »  ater  drop¬ 
let  in  air  using  a  focused,  TEM,u-mode,  linearly  polarized  laser  beam  for 
droplet  propagation  axis  positions  of  2„  =  —  S  fim  and  +  50  ^im. 
(xr„  =  y'„  »  0,  n  =«  1.334  +  1.2x  10"  “i.  J.  =  0.5145  fim,  and  U'„  »  1  /rm.) 
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fim  the  beam  diameter  is  about  three  times  that  of  the  drop¬ 
let,  and  plane-wave  Mie  theory-  would  be  expected  to  provide 
a  reasonable  approximation.  Indeed,  a  calculation  of  re¬ 
quired  intensity  to  levitate  using  a  separate  Mie-theory- 
based  computer  program  produced  a  curve  essentially  iden¬ 
tical  to  thezo  =  -t-  50/im  curve  of  Fig.  1. 

Although  there  is  no  directly  comparable  experimental 
data,  the  requirement  of  a  few  milliwatts  of  laser  power  to 
levitate  a  5-;im-diam  water  droplet  in  air  (as  shown  in  Fig. 

1 )  is  consistent  with  measurements  of  Ashkin  and  Dziedzic* 
in  which  a  4-/im-diam  latex  sphere  was  levitated  using  ~  1 
mW  of  laser  power  and  the  levitation  of  a  glycerol  droplet 
evaporating  from  a  diameter  of  12-1  fim  required  a  range  of 
laser  powers  from  40  to  0.2  mW. 

At  an  elevation  of  Zq  =  50  fim.  Fig.  1  indicates  that  at 
certain  droplet  diameters  there  is  a  decrease  in  the  necessary 
power  to  levitate.  This  phenomena  is  a  result  of  structural 
resonances  within  transparent  water  droplets  at  this  wave¬ 
length.  These  structural  resonances  can  each  be  associated 
with  the  excitation  of  particular  radial  modes  of  the  general 
electromagnetic  wave  solution.  The  excitation  of  the 
terms  are  referred  to  as  electric  wave  resonances  and  the 
excitation  of  the  b,„  terms  are  referred  to  as  magnetic  wave 
resonances.’*'^’  The  presence  of  structural  resonances  in  the 
power  to  levitate  at  a  given  elevation  has  been  experimental¬ 
ly  observed  by  Ashkin  and  Dziedzic.’"  Ashkin  and  Dzied- 
zic’  also  observed  that  if  the  droplet  is  levitated  near  the  focal 
point  where  the  beam  diameter  is  less  that  the  diameter  of  the 
sphere,  then  structural  resonances  are  not  present.  Figure  1 
indicates  a  lack  of  structural  resonances  for  Zq  =  —  5  fun 
where  the  beam  diameter  (2.6  ^m)  is  less  than  the  droplet 
diameter  (5  ftm),  consistent  with  Ashkin  and  Dziedzic's 
obsers  ation.  .4.s  presented  in  a  recent  paper  by  Barton,  Alex¬ 
ander,  and  Schaub,^’  structural  resonances  in  spherical  par¬ 
ticles  require  edge  illumination  for  excitation  and  thus 
would  not  be  excited  for  the  tightly  focused  conditions  at 
Zo  =  -  5  ftm. 

The  nature  (electric  or  magnetic),  mode,  and  order  of 
the  structural  resonances  of  Fig.  1  were  identified,  and  de¬ 
tailed  calculations  were  performed  for  the  three  basic  types 
of  droplets:  a  droplet  at  magnetic  wave  resonance  (35th 
mode,  first  order,  d  =  4.9266 /im),  a  droplet  at  electric  wave 
resonance  (35th  mode,  first  order,  d  =  4.9912  jum),  and  an 
intermediate  nonresonance  droplet  (d  =  4.96 /im). 

Figure  2  shows  the  power  to  levitate  a  droplet  located  on 
the  propagation  axis  as  a  function  of  elevation  for  each  of  the 
three  types  of  droplets.  There  is  an  increase  in  required  laser 
power  for  droplets  located  near  the  focal  point  because  of 
decreased  diffraction  due  to  the  strong  focusing  of  the  beam 
through  the  center  of  the  spherical  droplet.  For  a  given  type 
of  droplet  there  are  then  three  local  extrema  in  levitation 
power.  A  first  minimum  Fi„„,  which  occurs  below  the  focal 
point,  a  maximum  /*„„ ,  which  occurs  near  the  focal  point, 
and  a  second  minimum  which  occurs  above  the  focal 
point.  (For  the  cases  considered  here,  </’^,„.)  Stable 
levitation  occurs  in  regions  of  positive  slope  of  /*  vs  z,,.  From 
Fig.  2  it  is  then  apparent  that  there  are  three  general  regimes 
of  stable  levitation.  ( 1 )  If  <  P,  then  the  droplet  will 
stably  levitate  at  a  single  elevation  above  the  focal  point.  (2) 


FIG.  2.  Power  vs  propagation  axis  position  for  the  optical  levitation  of  a 
water  droplet  in  air  using  a  focused,  TEMu,-niode,  linearly  polarized  laser 
beam  for  nonresonance  (d=4.96  /tm),  magnetic  wave  resonance 
(rf  =  4.9266  /im),  and  electric  wave  resonance  (d  =  4.9912  /rm). 
(Xo  =  >„  =  0,  S  =  1.334  +  1.2x  10"’/',  A.  =  0.5145 /rm,  and  u>„  =  I  ftm.) 


If  F  min  <  F  <  ,  then  the  droplet  levitation  is  bistable,  and 

the  droplet  can  be  stably  levitated  either  above  the  focal 
point  or  below  the  focal  point.  (3)  If  then 

the  droplet  will  stably  levitate  at  a  single  elevation  below  the 
focal  point.  If  P<P]„^„,  then  the  droplet  cannot  be  stably 
levitated  at  any  position.  Bistable  levitation  for  a  spherical 
particle  levitated  using  a  tightly  focused  laser  beam  has  been 
experimentally  observed  by  Ashkin  and  Dziedzic,’  who  also 
observed  that  the  particle  could  be  easily  transferred  from 
one  stable  position  to  the  other  and  back.  If  the  particle  be¬ 
gins  at  the  above  focal  point  position,  a  decrease  in  laser 
power  will  allow  the  particle  to  drop  towards  the  focal  point 
until  F  =  .  If  the  laser  power  is  further  decreased  slight¬ 

ly,  the  particle  will  drop  through  the  focal  point  to  the  below 
point  position  since  Fi,|„  <P^,„.  Increasing  the  laser  power 
would  raise  the  particle  towards  the  focal  point  until 
P  =  Fn,„ .  If  the  laser  power  is  further  increased  slightly 
above  F,„„ ,  the  particle  w'ill  rise  through  the  focal  point  back 
to  the  above  focal  point  position. 

For  the  droplet  located  on  the  laser  beam  propagation 
axis  (z  axis),  the  horizontal  force  components  and  all  com¬ 
ponents  of  torque  are  zero,  as  is  obvious  from  symmetry'  and 
as  was  verified  by  Eqs.  (5)  and  (10)-(12).  Ifthe  droplet  is 
displaced  in  the  horizontal  direction,  stabilizing  forces  act  so 
as  to  push  the  droplet  back  tow  ards  the  beam  propagation 
axis.  [This  is  true  for  Re(S)>l,  as  considered  here.  If 
Re(n)  <  1,  then  the  horizontal  forces  push  the  droplet  away 
from  the  propagation  axis  and  there  is  no  stable  levitation.] 
Also,  if  the  droplet  is  displaced  in  the  horizontal  direction,  a 
torque  is  induced  on  the  droplet  since  the  beam  intensity 
profile  now'  presents  an  asymmetrical  incident  light  distribu¬ 
tion  across  the  droplet.  [Ilie  induced  torque  is  dependent 
upon  the  droplets  ability  to  absorb  incident  light.  Consistent 
with  the  theoretical  observation  of  Chang  and  Lee,'°  it  was 
found  that  if  the  droplet  is  nonabsorbing,  Im(n)  =0,  then 
the  induced  torque  is  zero  regardless  of  the  orientation  of  the 
beam  upon  the  droplet.  ]  Calculations  of  horizontal  accelera¬ 
tion  (a=<F>/m)  and  induced  angular  acceleration 
id)  =  N/I,  where  I  =  Ima'/S )  were  performed  for  droplet 
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displacement  along  both  the  x  and  y  axes  for  elevations  of 
Zo=  +50  and  —  5  fim.  Accelerations  were  calculated  as¬ 
suming  a  laser  power  necessary  to  levitate  the  droplet  at  the 
particular  elevation  as  if  the  droplet  were  located  on  the 
propagation  axis  as  is  given  in  Fig.  2. 

Figures  3-6  are  for  droplets  at  an  elevation  of  +  50 /rm 
I  above  the  focal  point  where  the  beam  diameter  (2u'=:  16.5 
//m)  is  greater  than  the  droplet  diameter.  Figure  3  shows  the 
restoring  acceleration  that  occurs  for  droplet  displacement 
along  the  x  axis  (in  the  direction  of  incident  beam  electric 
field  polarization).  As  seen  in  Fig.  3,  displacement  of  the 
droplet  along  the  x  axis  results  in  a  force  that  accelerates  the 
droplet  back  towards  the  beam  propagation  axis  (F^,  =  0). 
i  The  force  increases  from  zero  as  the  droplet  is  moved  away 
from  the  propagation  axis  and  reaches  a  maximum  at 
Xo=;4.5  fim  before  diminishing  to  zero  as  the  droplet  is 
moved  on  out  of  the  beam.  The  restoring  force  for  the  nonre¬ 
sonance  droplet  is  greater  than  the  restoring  force  for  the 
resonance  droplets  because  the  laser  power  necessary  to  levi¬ 
tate  the  nonresonance  droplet  at  this  elevation  is  greater  than 
the  laser  power  necessary  to  levitate  the  resonance  droplets 
(refer  to  Figs.  1  and  2).  Figure  4  shows  the  restoring  accel¬ 
eration  for  droplet  displacement  along  they  axis  (perpendic¬ 
ular  to  the  direction  of  the  incident  beam  electric  field  polar¬ 
ization).  The  features  fory-axis  displacement  are  similar  to 
those  for  x-axis  displacement  except  that  the  restoring  acce¬ 
lerations  towards  the  propagation  axis  (F^  =  0)  are  some¬ 
what  smaller.  The  restoring  acceleration  per  unit  displace¬ 
ment  very  near  the  propagation  axis  is  roughly  0.05  gZ/rm 
for  x-axis  displacement  and  roughly  0.04  g/fim  for  j’-axis 
displacements.  This  compares  with  a  restoring  acceleration 
per  unit  displacement  for  displacements  along  the  propaga¬ 
tion  axis  (which  can  be  found  from  the  slope  of  the  F  vs  Zq 
j  plot  in  Fig.  2)  of  roughly  0.03  g/jjm.  The  horizontal  and 
vertical  stabilizing  accelerations  are  thus  of  the  same  order 
for  small  displacements  at  the  Zq  =  +  50  /zm  elevation. 

Figure  4  shows  the  y-component  angular  acceleration 
( .y,  =  -Vj  =0)  induced  w  hen  the  droplet  is  displaced  along 


Vo 

FIG.  4  j>-axis  acceleration  vs  j>-axis  displacement  Tor  optica]  leWtation  of  a 
water  droplet  in  air  using  a  focused,  TEM„(,-mode,  linearly  polarized  (x- 
axis  direction)  laser  beam  at  a  droplet  propagation  axis  position  ofZo  =  50 
fim  for  nonresonance  (d=4.96  /tm),  magnetic  wave  resonance 
(d  =  4.9266 /jm).  and  electric  wave  resonance  (d  =  4.9912  /tm).  (Xq  =  0, 
ft  =  1.334  +  1.2x  lO"’/,  i?  =  0.5145 pm.  and  tc„  =  1  pm.) 


the  X  axis  at  the  Zo  =  +50  /im  elevation.  The  induced  angu¬ 
lar  acceleration  increases  from  zero  as  the  droplet  is  moved 
away  from  the  propagation  axis  and  reaches  a  maximum  at 
roughly  x,,  =  4.5  /zm  before  diminishing  to  zero  as  the  drop¬ 
let  is  moved  on  out  of  the  beam.  The  induced  torque  is 
greater  for  the  resonance  droplets  in  comparison  with  the 
nonresonance  droplet  and  is  greater  for  the  electric  waxe 
resonance  droplet  in  comparison  with  the  magnetic  wave 
resonance  droplet  for  x-axis  displacements.  The  x-compo- 
nent  angular  acceleration  (JV^  =  .V,  =0)  induced  when  the 
droplet  is  displaced  along  the  y  axis,  shown  in  Fig.  6,  has 
features  similar  to  those  for  the  x-axis  displacement  except 
that  it  is  the  magnetic  wave  resonance  droplet  that  has  the 
greatest  induced  torque.  The  increase  in  induced  torque  for 
the  resonance  droplets  as  the  droplet  is  moved  to  the  edge  of 
the  beam  is  consistent  with  the  developments  of  Ref.  37 
where  it  was  found  that  structural  resonances  are  excited  by 


9  FIG.  3.  x-axis  acceleration  vs  x-axis  displacement  for  optical  levitation  of  a 
water  droplet  in  air  using  a  focused,  TEM„^-mode,  linearly  polarized  (x- 
axis  direction )  laser  beam  at  a  droplet  propagation  axis  position  of  Zg  »  50 
pm  for  nonresonance  (d^4.96  pm),  magnetic  wave  resonance 
(d  «  4.9266 /im),  and  electric  wave  resonance  (rf  »  4.9912  zzm).  (yo  *  0, 
3  -  1.334  +  l.2x  I0"’i,  A  =  0.5145 /im,  and  ui„  »  I  pm.) 


*0 

FIG.  5.  y-axis  angular  acceleration  vs  x-axis  displacement  for  optical  levita¬ 
tion  of  a  water  droplet  in  air  using  a  focused,  TEM„,-mode,  linearly  polar¬ 
ized  (x-axis  direction)  laser  beam  at  a  droplet  propagation  axis  position  of 
50  pm  for  nonresonance  (d  =  4.96  pm),  magnetic  wave  resonance 
(d  »  4.9266 zzm).  and  electric  wave  resonance  id  —  4.9912  ;jm).  (>•„  =  0, 
ii.  1.334 -s  l.2xl0"V-(»  0.5145 /zm,  and  iu„=  I  pm.) 
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FIG.  10.  x-axis  angular  acceleration  vs  j^axis  displacement  for  optical  levi¬ 
tation  of  a  water  droplet  in  air  using  a  focused.  TEM(„-mode,  linearly  polar¬ 
ized  (x-axis  direction)  laser  beam  at  a  droplet  propagation  axis  position  of 
Zfi  =  —  5  /jm  for  nonresonance  {d  =  4.96 /tm),  magnetic  wave  resonance 
id  =  4.9266 /rm),  and  electric  wave  resonance  (d  =  4.9912  ^m).  (Xo  =  0, 
n  =  1.334  -f  1.2X  lO””/,  /.  =  0.5145 /jm,  and  u.’o  =  1  /rm.) 


eration.  A  circularly  polarized  beam,  however,  will  induce  a 
torque  (and  subsequent  angular  acceleration)  about  the 
propagation  axis.  Calculations  were  performed  for  the  same 
conditions  as  considered  in  Sec.  Ill,  but  with  the  beam  left 
circularly  polarized.  (The  fifth-order  corrected,  linearly  po¬ 
larized  Gaussian  beam  description  of  Ref  34  was  rotated  90* 
about  the  propagation  axis,  shifted  in  phase  by  90°,  added  to 
the  original  beam  description,  and  then  renormalized  by  di¬ 
viding  by  \  2  in  order  to  form  a  mathematical  description  for 
the  circularly  polarized  beam. )  The  power  to  levitate  at  a 
particular  elex  ation  using  a  circularly  polarized  beam  was 
found  to  be  identical  to  the  power  required  to  levitate  using  a 
linearly  polarized  beam  for  each  of  the  three  types  of  drop¬ 
lets. 

Table  1  presents  the  angular  acceleration  about  the 
propagation  axis  for  droplets  stably  levitated  at  elevations  of 
Zo  =  —5  and  -t-  50  /um  using  a  circularly  polarized  beam. 
The  angular  accelerations  at  Zq  =  -|-  50  fzm  are  greater  for 
the  resonance  droplets  than  for  the  nonresonance  droplet. 
At  Zq  =  —  5  pm,  where  the  beam  is  tightly  focused  through 
the  center  of  the  droplets,  the  resonances  are  not  excited  and 
angular  accelerations  are  approximately  equal  for  all  three 
types  of  droplets. 


T.4BLE  I.  z-axis  angular  acceleration  for  optical  leviution  of  a  water  drop¬ 
let  in  air  using  a  focused.  TEM„u-mode.  left  circularly  polarized  laser  beam 
at  droplet  propagation  axis  positions  of  Zu=  -5/rmand  -b  50 /rm  for  non- 
resonance  {d=  4.96/zm),  magnetic  wave  resonance  4.9266 /rm),  and 
electric  wave  resonance  (</=  4.9912  /rm).  (x=y„  =  0. 

n  =  1.3.34  -b  1.2  X  10'*/,  A  =  0.5145 //m,  and  w„  =  1  /rm.) 

lo,  (rad/s’) 

Zb  =  -ifim  Zo=  -b50/im 

0  467  0.142 

0  451  0.235 

0  425  0.353 


nonresonance 
id  =  4.96  ^m) 
elec,  wave  res. 
id  =  4.9912 //m) 
magn.  wave  res. 
id  =  4.9266 //m) 


V.  CONCLUSIONS 

Series-form  theoretical  expressions  for  the  net  radiation 
force  and  torque  for  a  spherical  panicle  illuminated  by  an 
arbitrary  beam  based  upon  the  spherical-panicle/arbitrary- 
beam  interaction  theory  of  an  earlier  paper^’  have  been  de¬ 
rived  and  presented.  Calculations  for  a  5-pm-diam  water 
droplet  optically  levitated  using  a  2  pm  beam  waist  diameter 
TEMoo-tnodc  argon-ion  laser  beam  indicate  required  powers 
to  levitate,  the  existence  of  bistable  levitation,  and  a  lack  of 
resonance  near  the  focal  point  which  are  consistent  with  pre¬ 
vious  experimental  obserx'ations.  Additional  experimental 
measurements  are  needed  to  provide  a  more  direct  compari¬ 
son  between  theory  and  experiment,  particularly  with  re¬ 
gard  to  the  induced  torque  calculations. 

Of  interest  here  has  been  the  determination  of  the  net 
force  and  torque  on  the  particle  with  no  consideration  with 
regard  to  how  the  radiation  forces  are  actually  distributed 
within  and  upon  the  surface  of  the  particle.  In  recent  experi¬ 
ments  reported  by  Zhang  and  Chang, radiation  forces  were 
sufficiently  large  so  as  to  visibly  distort  the  shape  of  a  100- 
pm-diam  water  droplet  illuminated  by  a  100-mJ,  400-ns, 
2u)o=200pm,  A.  =  0.60  pm  laser  pulse.  The  theoretical  de¬ 
termination  of  the  distribution  of  radiation-induced  forces 
within  and  upon  the  surface  of  a  spherical  particle  illuminat¬ 
ed  by  an  arbitrary  beam  will  be  the  topic  of  a  later  paper. 
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APPENDIX  A:  ELECTROMAGNETIC  FIELD  EQUATIONS 
Incident  field 
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=  il>i  —  I'Xi,  where  il>i  and  Xi  are  the  Riccati-Bessel 
Ainctions.  Y,„  is  the  spherical  harmonic  function,  r  =  r/a 
where  a  is  the  sphere  radius. 
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Measurement  of  hypersonic  velocities  resulting  from  the  laser-induced 
breakdown  of  aerosols  using  an  excimer  laser  imaging  system 
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In  this  article  we  describe  a  dual-pulse  excimer-laser-based  imaging  system  used  in  the 
determination  of  ejected  material  velocities  resulting  from  the  interaction  of  KrF  laser  radiation 
(yi  =  248  nm,  pulse  width  FWHM  =  17ns,/:ilO"W/cm’)  with  20-^m  aluminum  particles 
under  vacuum  (P=10“’Torr)  conditions.  Material  velocities  measured  2(X)-4(X)  ns  after  arrival 
of  the  incident  pulse  ranged  from  450  to  1 200  m/s. 


INTRODUCTION 

The  study  of  the  interaction  of  laser  radiation  with  both  solid 
and  liquid  aerosol  particles  has  been  an  active  research  area 
during  recent  years.  In  particular,  the  use  of  high-energy 
lasers  to  initiate  vaporization  and  laser-induced  breakdown 
( LIB )  of  aerosols  has  received  a  great  deal  of  attention  from 
both  a  theoretical'"’  and  experimental"^  viewpoint.  One  as¬ 
pect  of  the  problem,  which  will  be  addressed  in  this  article,  is 
the  experimental  determination  of  material  velocities  during 
the  initial  stages  of  the  laser/aerosol  interaction.  Determina¬ 
tion  of  material  velocities  resulting  from  high-energy  laser 
irradiation  has  practical  importance  in  a  variety  of  situa¬ 
tions.  .As  more  sophisticated  theoretical  models  are  devel¬ 
oped  to  better  understand  and  model  the  fundamental  phys¬ 
ical  mechanisms  of  the  process,  quantitative  experimental 
data  is  needed  for  comparison  to  predicted  results.  The  LIB 
process  also  provides  a  convenient  method  to  accelerate  ma¬ 
terials  to  hypersonic  velocities  which  can  be  used  in  develop¬ 
ing  instrumentation  for  diagnostics  in  research  related  to 
flows  encountered  during  hypersonic  flight.  In  addition, 
measurement  of  material  velocities  leaving  the  focal  point  of 
a  high-energy  laser  is  important  information  in  examining 
momentum  transfer  between  high-energy  laser  pulses  and 
aerosol  particles.  The  momentum  transfer  is  of  particular 
interest  in  research  attempting  to  determine  suitable  obscur¬ 
ants  for  various  types  of  incident  laser  radiation. 

In  earlier  research  by  Hsieh  et  al.,’’  time-resolved  streak 
camera  images  were  used  to  measure  the  plasma  velocities 
from  the  shadow  and  illuminated  surfaces  resulting  from  the 
LIB  of  water  droplets  irradiated  by  the  second  harmonic  of  a 
^-switched  Nd:YAG  laser  {A.  =  0.532  fim).  At  an  incident 
irradiance  of  7  GW/cm^,  the  velocity  of  the  plasma  front 
propagating  external  to  the  droplet  surface  was  measured  as 
high  as  20  000  m/s.  Research  conducted  by  Korshunov,  Us- 
tyuzhin,  and  Ya,'  on  the  interaction  of  a  ruby  laser  (0. 5-1.0 
J,  40- ns  pulse  width )  with  aluminum  powders  reported  aver¬ 
age  plasma  velocities  of  250-1 100  m/s.  In  this  article  we 
present  an  experimental  technique  for  determination  of  the 
hypersonic  velocity  of  material  expelled  during  the  interac¬ 
tion  of  excimer  laser  radiation  with  aerosol  particles  using  a 
dual-pulse  excimer-laser-based  imaging  system.  Typical  re¬ 


sults  are  presented  for  the  case  of  a  KrF  excimer  laser 
(A  =  248  nm,  pulse  width  F^'HM  =  17  ns,  I~  10"  W/ 
cm")  incident  on  20-//m  solid  aluminum  (Al)  particles. 

I.  EXPERIMENTAL  SETUP 

A  schematic  of  the  experimental  setup  is  shown  in  Fig, 
1.  The  high-energy  laser  beam  is  produced  by  a  KrF  excimer 
laser  using  unstable  optics  (Questek  model  2860,  A  =  248 
nm,  FWHM  pulse  duration  =  17  ns)  and  is  focused  at  the 
center  of  the  vacuum  chamber  with  a  planoconvex  lens 


FiC.  1.  Schemitic  of  experimental  arrangemenL 
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(</  =  50  mm,/  =  250  mm).  The  FWHM  dimensions  of  the 
focused  laser  beam  were  determined  experimentally  by 
translating  a  knife  edge  through  the  focal  region  of  the  laser 
and  were  found  to  be  95  fim  X 1 15  ftm  ( s  10*  /im’).  The 
beam  from  a  second  excimer  laser,  identical  to  the  first  with 
the  exception  of  using  stable  resonator  optics,  is  incident 
through  an  optical  port  on  the  vacuum  chamber  in  a  direc¬ 
tion  orthogonal  to  both  the  high-energy  pulse  and  the  mo¬ 
tion  of  the  solid  particles.  The  imaging  pulses  are  synchro¬ 
nized  with  the  high-energy  pulses  by  using  a  digital  delay 
unit  (Questek  9200  laser  sync/delay  unit)  and  serves  as  the 
illumination  source  for  imaging  studies  and  velocity  mea¬ 
surements.  To  perform  the  dual-pulse  imaging,  the  emerging 
pulse  from  the  second  excimer  laser  was  split  into  two  sepa¬ 
rate  pulses,  one  of  which  was  sent  directly  to  the  vacuum 
chamber  over  a  minimum  optical  path  length,  and  the  sec¬ 
ond  which  was  sent  over  an  additional  45  ft  of  optical  path 
(see  Fig.  1 ).  Consequently,  two  17-ns  pulses  delayed  by  45 
ns  proNided  a  double  exposure  of  the  laser/aerosol  interac¬ 
tion  and  allowed  determination  of  the  velocity  of  the  ex¬ 
pelled  material  by  measuring  the  distance  the  material  had 
traveled  during  the  45-ns  time  interval.  Although  the  delay 
time  between  imaging  pulses  is  fixed  for  a  given  optical  path, 
the  absolute  delay  time  between  the  high-energy  pulse  and 
the  imaging  pulses  could  be  varied  by  the  digital  delay  unit. 

The  images  were  viewed  using  a  UV-sensitive  vidicon 
(Cohu  2006  camera  system)  in  conjunction  with  a  digital 
image-processing  system.^  Use  of  the  image-processing  sys¬ 
tem  allows  accurate  determination  of  the  distance  the  mate¬ 
rial  travels  during  the  laser/aerosol  interaction.  Prior  to  per¬ 
forming  velocity  measurements  on  the  solid  .Al  particles,  it 
w  as  necessary  to  position  the  focal  region  of  the  high-energy 
laser  in  the  center  of  the  field  of  view  (approximately  500 
/rmx400/im)  of  the  imaging  system.  To  accomplish  this, 
the  breakdown  of  air  under  atmospheric  conditions  w  ith  no 
•Al  particles  present  at  the  focal  region  was  imaged  by  in¬ 
creasing  the  gain  of  the  camera  system.  .After  centering  the 
breakdown  region  within  the  imaging  system  field  of  view,  a 
248-nm  bandpass  filter  was  placed  in  front  of  the  camera  to 
eliminate  passage  of  broadband  emission  which  would 
otherw  ise  saturate  the  vidicon.  The  subsequent  images  were 
stored  on  an  optical  memory  disk  recorder  (Panasonic  mod¬ 
el  TQ-  202.'F)  which  was  synchronized  w  ith  the  high-energy 
laser  so  that  a  single  image  was  recorded  for  each  high-ener¬ 
gy  pulse. 

The  solid  particles  were  dispersed  using  a  mechanical 
shaker  w  hich  consisted  of  a  particle  resers  ior  with  a  1-mm 
exit  hole  mounted  on  an  acoustic  speaker.  The  input  fre¬ 
quency  and  amplitude  were  adju.sted  using  a  function  gener¬ 
ator  (Tektronix  model  FG  503)  and  a  power  amplifier 
(Nikko  model  .Alpha  230)  such  that  the  desired  particle 
concentration  w  as  distributed  in  the  focal  region  of  the  high- 
energy  laser  beam.  Although  the  diameter  of  single  .Al  parti¬ 
cles  were  20  pm  according  to  manufacturers  specifications, 
the  actual  particle  stream  passing  through  the  focal  region  of 
the  laser  frequently  contained  agglomerations  of  Al  parti¬ 
cles. 

The  vacuum  system  (Cooke  O’E  301  C-X)  consisted  of 
a  glass  bell  jar  seated  on  a  stainless-steel  cylinder  ( 1 1 .5  in.  in 


Fig.  2.  Inicraction  of  KrF  User  radiation  {A  =  248  nm,  /=:  10"  W/cm^. 
pulse  width  FWHM  =  17  ns.  =  400  mJ)  with  20-pm  Al  spheres  at 
/*=  10“’  Torr.  Imaging  pulses  arrive  300  and  345  ns  after  high-energy 
pulse.  A  double  exposure  of  the  expelled  materia]  is  shown  in  the  upper  left 
portion  of  the  photograph.  WTiite  spots  mark  the  location  of  the  aluminum 
spheres  prior  to  arrival  of  the  high-energy  pulse.  Laser  is  propagating  from 
right  to  left. 


diameter.  6  5  in.  high)  with  nine  optical  viewing  ports. 
Vacuum  conditions  were  obtained  using  a  cryogenic  pump 
(CTI  Cryogenics,  Cryo-torr  100  high  vacuum  pump)  con¬ 
nected  to  the  base  of  the  vacuum  chamber  through  an  access 
hole  in  a  Newport  Research  Corp.  optica]  table.  Pressures 
within  the  vacuum  chamber  were  monitored  using  a  thermo¬ 
couple  and  ion  gauge.  The  low  est  pressure  of  interest  in  this 
work  was  approximately  10”^  Torr. 

II.  RESULTS 

Figures  2  and  3  show  examples  of  the  images  obtained 
using  a  single  high-energy  pulse  (/s:  10"  W/cm’)  incident 
on  20-/rm  Al  spheres  using  two  imaging  pulses  separated  by 


Fig.  3.  Inleraction  of  KrF  laser  radiation  =  248  nm,  /a  10"  W/cm', 
pulse  width  FWHM  =  17  ns.  E^^  =  400  mJ)  with  20-^m  Al  spheres  at 
/*=  10"’  Torr.  Imaging  pulses  arrive  250  and  295  ns  after  high-energy 
pulse.  A  double  exposure  of  the  expelled  material  is  shown  in  the  left  center 
portion  of  the  photograph.  White  spots  mark  the  location  the  aluminum 
spheres  prior  to  arrival  of  the  high-energj  pulse.  La.ser  is  propagating  from 
right  to  left. 
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^  45  ns.  The  images  shown  in  the  figures  were  obtained  at  a 

pressure  of  10~*  Torr.  Note  that  the  high-energy  laser  pulse 
is  propagating  from  right  to  left  in  the  photographs.  As 
shown  in  Fig.  2,  a  double  exposure  of  expelled  material  can 
be  observed  in  the  upper  left  portion  of  the  photograph.  The 
first  image  corresponds  to  the  material  location  300  ns  after 
^  the  high-energy  pulse,  and  the  second  image  corresponds  to 
I  the  location  345  ns  after  the  high-energj’  pulse.  In  addition, 
the  right  edge  of  the  image  shows  evidence  of  intense  white 
areas  resulting  from  the  elastically  scattered  light  from  the 
high-intensity  pulse  which  causes  saturation  of  the  vidicon. 
These  “spatial  markers”  are  useful  in  providing  information 
about  the  position  of  the  material  as  it  is  first  irradiated  by 
the  high  energy  pulse.  Due  to  the  large  amounts  of  expelled 
material  shown  in  the  photograph  and  multiple  white  spots, 
it  is  likely  that  this  particular  interaction  involved  a  cluster 
of  A1  spheres.  The  velocity  of  the  expelled  material  in  this 
photograph  can  be  determined  by  dividing  the  distance  that 
the  expelled  material  moved  (55  pm)  by  the  time  intenal 
between  imaging  pulses  (45  ns),  yielding  a  velocity  of  1200 
m/s  traveling  predominantly  in  the  direction  of  the  laser 
propagation.  The  uncertainty  in  these  velocity  measure¬ 
ments  is  estimated  to  be  ±5%,  which  is  primarily  due  to  the 
difficulty  in  properly  identifying  the  material  boundaries  for 
the  two  images. 

Figure  3  shows  a  similar  interaction  involving  a  smaller 
agglomerate  of  .A.1  material.  .A.gain,  the  high-intensity  white 
spot  near  the  center  of  the  image  shows  the  location  of  A1 
material  at  the  instant  the  high-energy  laser  irradiates  the 
material.  The  imaging  pulses  in  Fig.  3  arrive  at  250  and  295 
ns  after  the  high-energy  pulse.  The  resulting  velocity  of  the 
material  is  approximately  450  m/s.  The  diffraction  patterns 
which  are  evident  in  both  figures  are  caused  by  aluminum 
particles  which  were  outside  the  depth  of  field  (out-of-fo- 
cus)  of  the  imaging  system.  Although  the  precise  identifica¬ 
tion  of  the  expelled  material  is  a  difficult  problem,  related 
experimentation  on  metal  wires  (50-1 50  pm  in  diameter) 
under  similar  conditions  have  shown  the  expelled  material 


Fio.  4,  Interaction  of  20-/ini  At  spheres  with  KrF  laser  radiation  (.1  =  248 
nm,  /=  10”  W/cm-.  pulse  width  FWHM  =-  1 7  ns,  =  400  mJ)  in  at¬ 
mosphere,  200  ns  after  arrival  of  the  high-energ\  pulse.  Note  the  different 
material  velocities  depending  on  the  location  of  the  A1  particles  relative  to 
the  focal  point  of  the  high-energ)  beam.  White  spots  mark  the  location  of 
the  aluminum  spheres  prior  to  arrival  of  the  high-energy  pulse.  Laser  is 
propagating  from  right  to  left. 


to  be  composed  of  both  molten  metal  and  solid  particle  frag¬ 
ments. 

The  two  cases  shown  in  Figs.  2  and  3  represent  t)'pical 
material  velocities  measured  for  the  interaction  of  KrF  laser 
radiation  with  Al  particles  with  nearly  all  velocities  falling 
within  the  range  of  450-1200  m/s.  The  different  velocities 
measured  for  identical  irradiance,  pulse  width,  and  material 
can  be  attributed  to  the  fact  that  different  areas  within  the 
focal  region  will  exhibit  different  intensity  values.  This  point 
is  illustrated  quite  dramatically  in  Fig.  4  which  was  obtained 
using  only  a  single  imaging  pulse  under  atmospheric  condi¬ 
tions.  Expelled  material  in  the  top  center  portion  of  the  im¬ 
age  has  propagated  a  significantly  greater  distance  than  has 
material  near  the  lower  portion  of  the  image  for  a  given  time 
interval  ( 200  ns ) .  This  would  indicate  that  the  higher  inten¬ 
sity  areas  within  the  focal  region  are  located  near  the  center 
of  the  image.  Note  also  the  evidence  of  shock  propagation 
near  the  left  edge  of  the  photograph,  characteristic  of  inter¬ 
actions  occurring  under  atmospheric  conditions. 

III.  ADVANTAGES  AND  LIMITATIONS 

Although  velocity  measurements  can  be  accomplished 
using  only  a  single  imaging  pulse,'®  "  the  dual-imaging- 
pulse  method  has  two  distinct  advantages  over  the  single¬ 
pulse  method.  First,  the  relative  delay  between  successive 
imaging  pulses  can  be  accurately  determined  using  the 
known  optical  path  lengths  and  the  speed  of  light.  This  elimi¬ 
nates  uncertainty  due  to  the  inherent  jitter  associated  with 
electronic  delay  equipment  and  thyratron  firing  on  excimer 
lasers.  Second,  both  imaging  pulses  can  be  delayed  relative  to 
the  high-energy  pulse  to  provide  average  velocity  measure¬ 
ments  during  any  45-ns  time  interval  during  the  laser/aero¬ 
sol  interaction.  The  single-pulse  method  is  restricted  to  mea¬ 
suring  average  velocities  over  time  intervals  corresponding 
to  the  delay  between  the  high-energy  pulse  and  imaging 
pulse. 

Several  factors  limit  the  effectiveness  and  flexibility  of 
the  technique.  For  the  present  system,  the  FW'HM  pulse 
w  idth  is  approximately  17  ns.  For  a  typical  material  velocity 
of  1000  m/s,  the  material  will  move  approximately  17  (im 
during  the  duration  of  the  imaging  pulse.  This  will  result  in  a 
streaking  or  blurring  of  the  image  and  will  tend  to  exaggerate 
the  spatial  extent  of  the  moving  material.  To  remedy  this 
problem,  imaging  pulses  in  the  pico.second  time  regime  will 
need  to  be  utilized  and  are  currently  under  investigation  in 
the  laboratory.  The  delay  time  between  the  two  imaging 
pulses  has  practical  limitations  based  on  the  allowable  opti¬ 
cal  path  length  set  by  physical  constraints  and  the  diver¬ 
gence  of  the  imaging  laser  ( 2-3  mrad  for  the  excimer  laser 
with  stable  optics).  In  summary,  the  dual-imaging-pulse 
method  provides  an  accurate  method  of  determining  materi¬ 
al  velocities  during  the  laser/aerosol  interaction  and  is  par¬ 
ticularly  attractive  for  situations  in  w  hich  jitter  from  the  la¬ 
ser  circuits  and  timing  electronics  would  introduce 
unacceptable  errors  in  velocity  measurements. 
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Abstract 

Results  of  research  conducted  on  the  interaction  of  high  intensity  ultraviolet  pulsed  KrF  laser 
radiation  with  a  metallic  filament  are  reported.  Experimental  results  are  presented  on  the  time 
dependent  material  ejection  dynamics  associated  with  focused  excimer  laser  beams  interacting  with 
a  small  diameter  wire.  Copper  wire  75  fim  in  diameter  was  illuminated  with  a  KrF  (A  =  248  nm, 
pulse  duration  =  17  ns  FWHM)  excimer  laser  at  an  irradiance  of  80  GW/cm^.  Interaction  dynam¬ 
ics  were  recorded  using  both  a  real  time  and  double  stroked  ultraviolet  laser  imaging  technique. 
Temporal  evolutions  of  both  vaporized  and  molten  materia]  are  reported.  Material  observed  during 
2-D  shadow  imaging  on  the  shadow  side  of  the  wire  was  shown  to  originate  from  the  front  ablative 
surface  without  spallation  of  material  on  the  shadow  surface.  Material  emission  velocities  are  re¬ 
ported  utilizing  two  different  imaging  techniques.  A  maximum  velocity  of  1500  m/s  was  obtained 
for  material  ejected  in  a  direction  toward  the  ablating  laser. 
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I.  Introduction 


Excimer  laser  interaction  with  metals  has  been  widely  investigated  utilizing  generally  flat  tar¬ 
gets  with  beam  intensities  near  the  optical  breakdown  thresholds'"'^  and  at  intensities  above  the 
breakdown  thresholds®’®.  Limited  work  appears  in  the  literature  on  the  interaction  of  a  high  inten¬ 
sity  laser  beam  with  metallic  aerosols  or  small  filaments.  Armstrong  et  al7  performed  a  theoretical 
investigation  of  the  propagation  of  a  high-energy  laser  beam  through  metallic  aerosols.  Poulain 
et  al.^  performed  experimental  work  on  high  intensity  KrF  excimer  laser  interaction  with  solid 
aerosols  and  reported  interesting  interaction  dynamics  and  material  breakdown  thresholds  for  sev¬ 
eral  types  of  solid  aerosol  particles.  In  order  to  overcome  some  of  the  experimental  difficulties 
reported  by  Poulain  et  al.^  and  to  better  understand  interaction  dynamics  phenomena  associated 
with  a  high-energy  laser  beam  interacting  with  solid  aerosols,  the  present  investigation  utilized  a 
thin  metallic  wire  instead  of  solid  aerosol  particles  in  the  laser  beam  probe  volume.  Thus,  in  this 
investigation,  the  interaction  dynamics  of  a  high  intensity  (80  G\V/cm^)  KrF  excimer  laser  beam 
with  a  75  fim  diameter  copper  wire  were  studied  under  atmospheric  illumination  conditions. 

II.  Experimental  Setup 

A  schematic  of  the  experimental  setup  is  shown  in  Figure  1.  A  high-energy  beam  was  produced 
by  a  KrF  excimer  laser  (Questek  model  2860,  A  =  248  nm,  pulse  duration  =  17  ns  FWHM)  using 
unstable  optics  and  was  focused  by  a  plano-convex  lens  (d  =  50  mm,  f  =  250  mm).  The  cross 
sectional  dimensions  of  the  high-energy  beam  were  determined  experimentally  by  translating  a 
knife-edge  through  the  focused  beam®.  A  second  method  verified  the  cross  sectional  dimensions 
by  measuring  the  illuminated  damage  area  of  a  polished  nickel  plate  placed  in  the  focused  probe 
volume.  Dimensions  of  the  focused  high-energy  beam  were  approximately  110  X  135  /rm  for  this 
investigation.  A  second  Questek  model  2860  excimer  laser,  operating  on  ArF  at  A  =  193  nm 
and  with  stable  resonator  optics,  was  used  to  produce  an  imaging  beam  incident  in  a  direction 
orthogonal  to  both  the  high-energy  pulse  and  the  copper  wire.  Ltiser  pulses  used  for  imaging  were 
synchronized  with  the  high-energy  pulses  illuminating  the  targets  using  an  analog/digital  delay 
unit,  Questek  model  9200  Laser  Synchronization  Unit  (LSU).  Video  timing  signals  produced  by 
the  camera  control  unit  (Cohu  model  8000)  were  sent  to  a  pulse  generator  (HP  model  8015A)  which 
subsequently  provided  the  trigger  pulse  for  the  LSU.  Pulses  from  both  lasers  were  simultaneously 
monitored  using  a  fast  photodiode  (Hamamatsu  model  C1083)  and  digitizing  oscilloscope  (Hewlett 
Packard  model  54200A).  Analog  delay  controls  on  the  LSU  could  be  used  to  adjust  the  arri\’al  of 
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the  imaging  pulse  with  respect  to  the  high-energy  pulse.  For  example,  0  ns  delay  indicates  both 
imaging  and  high-energy  pulse  arrived  at  the  same  time  but  10  ns  delay  implies  that  the  imaging 
pulse  occurred  10  ns  after  the  high-energy  laser  ablation  pulse  occurred.  Jitter  for  the  system  was 
approximately  ±7  ns.  The  digital  delay  on  the  LSU  made  it  possible  to  delay  the  image  pulse 
arri\nl  with  respect  to  the  high-energy  pulse  from  0-100  /is  in  increments  of  10  ns. 

Real  time  images  of  the  laser  beam  interacting  with  the  wire  were  obtained  with  a  UV  sensitive 
vidicon  camera.  Thus,  the  image  is  integrated  over  the  laser  pulse  duration  of  17  ns  FWHM. 
Images  were  stored  on  an  optical  disk  recorder  (Panasonic  model  TQ-2023F)  and  processed  with 
a  digital  image  processing  system®  for  subsequent  analysis.  The  probe  volume  of  the  high-energy 
ablating  pulse  was  positioned  in  the  image  plane  of  the  imaging  system  by  observing  the  plasma 
formed  during  air  breakdown  with  the  imaging  vidicon  camera.  Wire  targets  were  positioned 
in  the  imaging  probe  volume  and  centered  by  observing  the  maximum  visible  emission  from  the 
illuminated  wire.  Location  of  the  75  /im  diameter  copper  wire  within  the  imaging  probe  volume 
was  maintained  by  feeding  the  wire  from  a  spool  through  two  glass  micro-capillaries  with  an  inside 
diameter  of  127  //m.  A  mass  equal  to  17.5  g  was  connected  to  the  bottom  of  the  wire  to  keep  the 
wire  taut.  A  stepping  motor  was  used  to  rotate  the  spool  to  feed  new  wire  into  the  probe  volume 
for  each  laser  pulse/wire  interaction. 

III.  Interaction  Dynamics 

Experimental  work  to  visualize  the  interaction  dynamics  was  performed  using  a  pulsed  real  time 
video  imaging  system  to  record  the  dynamics  associated  with  the  high-energy  laser  interaction  with 
a  small  diameter  wire.  An  ArF  excimer  laser  imaging  system  was  operated  at  A=193  nm  to  provide 
high  resolution  images  as  well  as  to  eliminate  scattered  248  nm  emission  from  the  high-energy 
pulse  by  using  a  193  nm  bandpass  filter  in  line  with  the  imaging  optics.  Dynamic  interactions 
were  observed  for  a  single  focused  200  mJ  pulse  (A  =  248  nm,  pulse  duration  =17  ns)  incident 
on  a  75  /xm  diameter  copper  wire.  The  focused  beam  had  an  110  X  135  /xm  spot  size  giving  an 
irradiance  of  80  GW/cm^.  For  comparative  purposes,  images  of  the  wire  were  recorded  before  the 
high-energy  pulse  interaction  and  after  the  high-energy  pulse  interaction  as  shown  in  Figure  2.  The 
ablating  pulse  was  incident  from  right  to  left  in  Figure  2  and  produced  a  crater  on  the  ablated 
surface  as  a  result  of  material  removal.  The  term  crater  in  this  work  refers  to  the  volume  of  the 
wire  removed  as  a  result  of  the  ablative  interaction.  Images  recorded  at  various  time  delays  during 
the  laser  beam/wire  interaction  process  are  shown  in  Figures  3-5.  The  delay  time  given  under  each 
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photograph  is  the  delay  of  the  image  beam  with  respect  to  the  arrival  of  the  high-energy  pulse. 
Dark  regions  on  the  left  of  the  images  were  characteristic  of  the  imaging  system  used  and  were 
primarily  due  to  the  optical  effects  associated  with  the  bandpass  filter. 

The  first  noticeable  evidence  of  any  laser  beam/wire  interaction  dynamics  occurred  at  10  ns 
image  delay  as  shown  in  Figure  3.  A  cloud  of  material  is  starting  to  be  visible  at  the  top  and 
bottom  edges  of  a  crater  starting  to  form  on  the  ablated  (front)  surface  of  the  wire  but  not  at  the 
shadow  (rear)  surface.  Ablated  surface  is  used  to  describe  the  region  illuminated  by  the  high-energj' 
ablating  laser  beam.  At  40  ns  image  delay,  material  emission  is  also  evident  at  the  shadow  surface 
and  a  crater  is  clearly  forming  at  the  ablated  surface  as  a  result  of  the  material  removal  at  the 
location  of  the  probe  volume.  However,  scanning  electron  microscope  (SEM)  images  of  the  samples 
showed  no  physical  material  remo%’al  from  the  shadow  surface  of  the  wire.  Thus,  ejected  material 
appearing  at  the  shadow  surface  of  the  wire  was  removed  from  the  ablated  surface  and  propagated 
around  the  sides.  At  60  ns  delay,  a  crater  on  the  ablated  surface  of  the  wire  is  clearly  forming  with 
an  opaque  lip  forming  at  the  top  and  bottom  edge  of  the  crater.  In  addition,  the  cloud  of  material 
apparent  just  above  and  below  the  probe  volume  region  as  shown  at  40  ns  image  delay  is  absent 
at  GO  ns  delay.  Lifetime  of  the  visible  plasma  emission  from  the  laiser  beam/wire  interaction  was 
determined  to  have  an  average  value  of  62  ns  (FWHM).  Thus,  the  cloud  of  material  appearing  at 
the  ablated  surface  of  the  wire  prior  to  bO  ns  image  delay  is  thought  to  be  a  dense  plasma  opaque 
to  the  imaging  rays.  .4t  100  ns  delay,  a  dark  region  appears  directly  in  front  of  the  crater  slightly 
beyond  the  location  of  the  original  wire's  edge.  This  material  is  thought  to  be  dense  plasma  or  a 
cloud  of  vaporized  matericil  and  is  evident  from  80-120  ns.  The  material  observed  in  front  of  the 
probe  volume  was  not  evident  in  the  images  prior  to  80  ns  image  delay  since  sufficient  quantities 
do  not  exist  to  be  opaque  to  the  imaging  system.  After  120  ns  delay,  this  material  moves  out  of 
the  field  of  view  of  the  imaging  system  and  thus  does  not  appear  on  later  images. 

Images  at  longer  time  delays  ranging  from  170  ns  to  600  ns  are  shown  in  Figure  4.  From  these 
images,  it  is  evident  that  material  has  traveled  from  the  front  wire  surface  around  the  sides  forming 
inhomogeneous  clouds  behind  the  shadow  surface  of  the  wire.  This  series  of  photographs  also  shows 
material  moving  away  from  the  edges  of  the  crater  in  a  lateral  direction  along  the  wire  surface. 
This  laterally  moving  material  has  moved  out  of  the  field  of  view  of  the  imaging  system  after 
800  ns  delay  as  shown  in  Figure  5.  Material  having  individual  particle  characteristics  is  evident 
behind  the  shadow  surface  of  the  wire  for  time  delays  of  800  ns  and  longer.  Current  experiments 
are  not  able  to  distinguish  whether  this  material  formed  as  a  result  of  condensation  or  by  direct 


4 


emission  from  the  ablating  surface.  It  probably  is  both,  however,  it  is  our  feeling  that  the  majoritj’ 
is  from  the  latter  since  there  is  clear  evidence  of  particles  forming  from  the  molten  liquid  waves 
on  the  illuminated  wire  surface  discussed  later  when  Figure  7  is  addressed.  Such  particles  could 
be  observed  in  Figure  5  for  time  delays  up  to  4.5  ns  and  were  shown  to  be  in  a  molten  state  by 
collecting  them  onto  polished  nickel  plates. 

SEM  images  are  shown  in  Figure  6  revealing  a  side  view  (top  photograph)  and  a  shadow  surface 
view  (bottom  photograph)  of  copper  wire  specimens  after  ablation  at  an  irradiance  of  80  GW/cm^. 
The  side  view  clearly  shows  where  material  removal  occurred  and  the  crater  formed.  In  addition, 
molten  material  flow  has  occurred  as  demonstrated  by  the  relatively  smooth  surface  around  the 
crater’s  edge.  Also  observed  in  the  top  photograph  of  Figure  6  is  the  rough  solidification  zone 
especially  evident  along  the  length  of  the  wire  and  approximately  100  /rm  from  the  crater  edge. 
The  bottom  photograph  in  Figure  6  provides  evidence  that  no  material  was  removed  from  the 
shadow  surface.  Further  examination  of  the  photograph  shows  that  a  lip  has  formed  on  the  side 
of  the  wire  from  very  high  accelerations  of  ejected  material. 

High  magnification  SEM  images  taken  of  solidified  material  located  in  the  rough  solidification 
zone  approximately  100  /rm  from  the  crater’s  edge  along  the  length  of  the  wire  are  shown  in 
Figure  7.  Particles  that  solidified  before  “pinching  oflP’  a  wave  surface  can  be  identified  in  the  top 
photograph.  Solidification  waves  flowing  from  the  front  surface  of  the  wire  around  the  sides  are 
clearly  evident  in  the  bottom  photograph  of  Figure  7.  Particles  ejected  around  the  wire  closer  to 
the  back  surface  are  smaller  than  particles  forming  from  the  surface  waves  formed  near  the  front 
surface  of  the  wire.  Surface  tension  and  the  amplitude  of  the  surface  waves  obviously  are  important 
parameters  in  determining  the  size  of  particles  emitted. 

IV.  Velocity  Measurements 

V’elocity  measurements  of  emitted  materials  from  the  laser  beam/wire  interactions  were  per¬ 
formed  using  single  pulse  (A  =  193  nm)  images  similar  to  those  shown  in  Figures  3-5  and  also  by 
a  dual  pulse  imaging  method  described  in  previous  work  by  Schaub  et  Dual  pulse  imaging 
is  performed  by  splitting  the  laiser  pulse  used  for  imaging  into  two  separate  pulses  as  shown  in 
Figure  1.  One  part  of  the  imaging  pulse  travels  directly  to  the  imaging  system  while  the  second 
part  travels  over  an  additional  17.1  m  (56  ft)  of  optical  path  length.  Thus,  two  17  ns  pulses 
(A  =  248  nm)  optically  delayed  by  56  ns  enter  the  imaging  system  providing  a  double  exposure  im¬ 
age  on  the  vidicon  camera  of  the  emitted  material  produced  from  the  laser  beam/wire  interaction. 
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Velocity  of  the  emitted  material  was  determined  by  measuring  the  distance  the  molten  material 
moved  during  the  56  ns  time  interval.  The  time  interval  separating  the  dual  imaging  pulses  is  fixed 
by  the  optical  path  length,  however,  the  time  delay  of  the  first  imaging  pulse  with  respect  to  the 
high-energy  pulse  can  be  adjusted  with  the  LSU  previously  described. 

Figure  8  is  a  typical  set  of  dual  pulse  images  of  two  separate  ablation  cases  obtained  of  emitted 
material  with  the  first  image  pulse  delayed  500  ns  after  the  arrival  of  the  high-energy  pulse  which 
wcis  interacting  at  the  very  right  edge  of  the  photographs  (wire  is  out  of  the  photograph).  Samples 
were  positioned  beyond  the  right  edge  of  the  monitor  screen  to  eliminate  scattered  248  nm  emission 
from  the  laser  beam/wire  interaction  which  saturates  the  vidicon  camera  and  to  allow  for  full  field 
of  view  imaging  of  the  emitted  material.  Average  velocities  of  imaged  materials  emitted  in  a 
direction  away  from  the  ablative  laser  were  570  m/s  at  300  ns  image  delay  and  460  m/s  at  500  ns 
delay.  Only  a  limited  number  of  dual  pulse  data  has  been  reported  due  to  experimental  difficulties 
in  clearly  identifying  the  same  boundary  edge  of  material  in  a  given  double  exposure.  Typical  dual 
pulse  images  obtained  at  1500  ns  delay,  for  two  separate  ablative  cases,  are  shown  in  Figure  9. 
Particles  imaged  in  Figure  9  are  approximately  10  /rm  in  diameter  and  move  less  than  5  fim  in 
56  ns  time  delay  which  corresponds  to  a  velocity  less  than  90  m/s. 

The  velocity  of  emitted  material  was  also  determined  by  utilizing  a  single  imaging  pulse  and 
measuring  the  material  movement  for  a  known  time  delay  relative  to  the  arrival  of  the  ablation 
pulse.  A  similar  technique  was  used  by  Alexander  et  to  determine  interaction  velocities  when 
an  excimer  laser  beam  interacted  with  a  water  droplet.  For  the  current  work,  it  is  assumed  that 
ejected  material  originates  from  the  front  of  the  crater  region  and  emission  starts  at  0  ns  image 
delay.  The  position  of  the  wire  before  ablation  is  recorded  each  time  to  provide  a  reference  position 
for  subsequent  velocity  measurements.  Results  of  velocity  studies  at  three  locations  for  ejected 
material  from  the  dual  and  single  imaging  pulse  techniques  are  presented  in  Figure  10.  Dual  and 
single  pulse  velocities  should  not  be  compared  since  the  measurements  are  for  different  locations. 
Data  plotted  in  the  graphs  differ  only  by  the  scale  of  the  time  (horizontal)  axis.  The  top  graph  has 
been  expanded  to  emphasize  the  acceleration  and  deceleration  during  the  laser  pulse.  Each  data 
point  on  the  graphs  represents  the  average  of  approximately  five  velocity  calculations  for  each  time 
frame.  Error  associated  with  the  material  emission  velocity  calculations  is  ±20%  and  is  primarily 
due  to  the  uncertainties  in  properly  identifying  the  exact  starting  and  ending  points  of  boundaries 
in  the  images  used  to  compute  the  velocities. 

Material  emission  velocities  in  a  direction  back  towards  the  ablating  laser  were  calculated  by 
measuring  the  material  movement  on  the  ablative  (front)  surface  of  the  wire  and  in  a  direction 
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perpendicular  to  the  wire.  The  starting  position  of  the  front  wire  surface  was  located  by  comparing 
j  wire  images  before  the  high-energy  pulse  illumination  with  the  delayed  images  during  illumination 

i  of  the  samples.  Measurements  of  emitted  material  movement  back  toward  the  ablating  laser  could 

not  generally  be  made  for  time  delays  longer  than  30  ns  since  the  material  boundaries  ejected 
out  of  the  crater  back  towards  ablating  laser  were  not  detected  by  the  imaging  system.  However, 
the  emission  velocity  was  calculated  for  material  shown  in  front  of  the  probe  volume  at  100  ns 
^  delay  in  Figure  3.  The  average  velocity  of  spatially  emitted  material  toward  the  laser  is  shown  to 

increase  from  1300  m/s  at  10  ns  time  delay  to  1500  m/s  at  20  ns.  The  time  dependent  acceleration 
is  a  result  of  the  17  ns  (FWHM)  high-energy  pulse  still  depositing  energy  into  the  interaction 
region.  A  subsequent  deceleration  of  material  occurs  after  the  end  of  high-energy  laser  pulse. 
Material  emission  velocities  in  a  direction  away  from  the  ablating  laser  were  calculated  by  the 
same  procedure  used  to  measure  material  movement  towards  the  ablating  laser.  In  order  to  obtain 
velocity  calculations  in  a  direction  away  from  the  ablating  laser,  single  pulse  imaging  was  used  up 
to  70  ns,  i.e.,  until  the  vaporized  material  boundaries  immediately  along  the  back  edge  of  the  wire 
were  no  longer  observable.  Dual  pulse  imaging  was  used  for  velocity  measurements  from  300-500  ns 
delay  for  material  emission  away  from  the  ablating  laser. 

Lateral  material  emission  is  defined  in  this  work  as  emitted  material  at  the  ablating  (front) 
surface  of  the  wire  moving  out  of  the  crater  region  in  a  direction  parallel  along  the  length  of 
the  wire.  Lateral  emission  velocities  were  obtained  up  to  800  ns  image  delay  since  the  vaporized 
material  moves  out  of  the  field  of  view  of  the  imaging  system  as  can  be  observed  in  Figure  4  and  5. 

■  Lateral  emission  velocities  shown  in  Figure  10  remain  constant  at  approximately  800  m/s  until 

130  ns  image  delay  when  deceleration  to  270  m/s  occurs  at  300  ns  delay.  Deceleration  occurs  cifter 
the  emitted  material  crosses  the  smooth  interaction  surface  region  located  above  and  below  the 
crater  and  enters  the  rough  solidification  zone  shown  in  Figure  6.  Molten  material  is  cooling  and 
solidifying  in  this  zone  increasing  the  viscous  forces  causing  deceleration.  The  velocity  of  the  lateral 
material  emission  at  300  ns  image  delay  is  approximately  the  speed  of  sound  in  air  at  atmospheric 
conditions. 

Emitted  particles  appear  behind  the  shadow  surface  of  the  wire  at  a  time  delay  of  4.5  fis  and  are 
shown  in  Figure  5.  An  explanation  for  particles  emitted  microseconds  after  a  17  ns  pulse  interaction 
is  provided  by  examining  the  thermal  diffusion  time  and  the  material  emission  velocities.  For  metals 
interacting  with  an  excimer  laser  pulse,  Jervis  et  al}^  report  that  the  thermal  diffusion  length  (rf) 
during  the  pulse  is  given  by 

(  =  2^  (1) 

7 


1 


where  x  is  the  thermal  difFusivity  and  r  is  the  beam  pulse  width.  For  copper  and  a  17  ns  pulse 
width  (FWHM),  6  =  2.2  /zm.  Optical  skin  penetration  depth  (d)  of  the  incident  beam  (A  =  248  nm) 
into  copper  is  calculated  to  be  11  nm.  Since  6"^  d,  depth  of  energy  distribution  over  the  17  ns  pulse 
width  is  determined  by  thermal  diffusion  as  opposed  to  the  laser  penetration  depth.  Therefore, 
thermal  diffusion  cannot  be  neglected  for  this  investigation.  Particles  emitted  during  long  time 
delays  originated  from  the  rough  solidification  zone  near  the  front  of  the  wire  shown  in  Figure  7. 
SEM  analysis  of  cross  sections  of  interacted  specimens  revealed  that  the  molten  material  in  the 


rough  surface  zones  can  exceed  8  /zm  in  thickness.  By  rearranging  Eq.  (1),  a  convenient  order- 
of-magnitude  estimation  for  the  thermcd  diffusion  time  (l)  through  a  metal  surface  is  given  by 
Ready^^  as 

4x 

where  D  is  the  desired  penetration  thickness.  For  D  =  8/zm,  thermal  diffusion  time  (t)  would  be 
200  ns.  Single  pulse  imaging  revealed  molten  material  moving  over  the  rough  surface  zone  of  the 
wire  at  approximately  1  /zs  image  delay.  Emitted  particles  from  this  zone  were  previously  reported 
to  have  velocities  less  than  90  m/s.  Since  these  particles  originate  from  the  front  of  the  wire  and  are 
imaged  behind  the  shadow  surface,  the  total  distance  traveled  is  over  75  /zm  (wire  diameter)  and 
the  corresponding  travel  time  would  be  over  1.0  /zs  for  a  velocity  under  90  m/s.  Material  velocities 
across  the  wire  surface  account  for  the  majority  of  the  microsecond  delays  of  particle  emission  from 
the  laser  beam/wire  interaction.  The  thermal  diffusion  time  of  approximately  200  ns  contributes 
only  a  minor  part  to  the  delay  in  material  emission. 


V.  Summary 


High  intensity  ultraviolet  laser  interaction  with  a  metallic  filament  has  been  investigated. 
Copper  wire  75  /zm  in  diameter  was  illuminated  with  a  KrF  excimer  laser  at  irradiances  of 
80  GW/cm^.  A  laser  imaging  sy'stem  showed  both  vaporized  and  molten  material  emitted  from 
the  laser  beam/wire  interaction.  Emitted  material  imaged  at  the  shadow  surface  of  the  wire  was 
shown  to  originate  from  the  front  ablating  surface  and  propagate  around  the  sides  of  the  wire.  A 
maximum  material  velocity  of  approximately  1500  m/s  was  calculated  for  ablated  material  travel¬ 
ing  in  a  direction  back  toward  the  ablating  laser.  Emitted  particles  were  observed  to  be  emitted  up 
to  4.5  /zs  after  arrival  of  the  high-energy  pulse.  This  delay  was  attributed  to  the  material  emission 
velocities.  For  example,  particles  ejected  at  4.5  /zm  were  shown  to  have  a  velocity  of  under  90  m/s. 
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Figures 

Figure  1.  Schematic  of  the  experimental  setup. 

Figure  2.  Images  of  75  pm  diameter  copper  wire  before  high-energy  illumination  (top)  and 
after  illumination  (bottom).  Irradiation  was  80  GW/cm^  using  a  KrF  pulse  (A  =  248  nm).  Beam 
propagation  was  from  right  to  left. 

Figure  3.  Interaction  of  KrF  laser  (A  =  248  nm)  with  a  75  pm  diameter  copper  wire  at 

80  GW/cm^.  Time  given  under  each  photograph  is  the  delay  of  the  image  beam  with  respect  to 

the  arri\'al  of  the  high-energy  laser  pulse.  Beam  propagation  is  from  right  to  left. 

Figure  4.  Interaction  of  KrF  laser  (A  =  248  nm)  with  a  75  pm  diameter  copper  wire  at 

80  GW/cm^.  Time  given  under  each  photograph  is  the  delay  of  the  image  beam  with  respect  to 

the  arri\’al  of  thi  high-energy  laser  pulse.  Beam  propagation  is  from  right  to  left. 

Figure  5.  Interaction  of  KrF  laser  (A  =  248  nm)  with  a  75  pm  diameter  copper  wire  at 

80  GW/cm^.  Time  given  under  each  photograph  is  the  delay  of  the  image  beam  with  respect  to 

the  arri\'al  of  the  high-energy  laser  pulse.  Beam  propagation  is  from  right  to  left. 

Figure  6.  Photomicrographs  of  side  view  (top)  and  shadow  surface  (bottom)  of  an  ablated 
75  pm  diameter  copper  wire.  Irradiation  was  80  GW/cm^  by  a  KrF  pulse  (A  =  248  nm). 

Figure  7.  Photomicrographs  of  typical  waves  and  particle  formations  on  the  front  surface  of  an 
ablated  75  pm  diameter  copper  wire.  Irradiation  was  80  GW/cm^  by  a  KrF  pulse  (A  =  248  nm). 

Figure  8.  Typical  dual  pulse  images  of  emitted  material  traveling  from  right  to  left  away 
from  the  ablation  area.  Time  delay  between  each  imaging  pulse  is  56  ns  providing  a  double 
exposure  image.  First  image  pulse  delayed  500  ns  after  arri\’al  of  high-energy  pulse.  Irradiation 
was  80  GW/cm^  by  a  KrF  pulse  (A  =  248  nm).  Image  dimensions  are  280  pm  square. 

Figure  9.  Typical  dual  pulse  images  of  emitted  copper  particles  traveling  from  right  to  left 
away  from  the  ablation  area.  Time  delay  between  each  imaging  pulse  is  56  ns  providing  a  double 
exposure  image.  First  image  pulse  delayed  1500  ns  after  arrival  of  high-energj’  pulse.  Irradiation 
was  80  GW/cm^  by  a  KrF  pulse  (A  =  248  nm).  Image  dimensions  are  165  x  230  pm. 

Figure  10.  Average  velocities  of  emitted  materials  from  interactions  of  KrF  laser  radiation 
at  80  GW/cm^  with  75  pm  diameter  copper  wire  as  a  function  of  the  image  time  delay.  Top 
graph  has  been  expanded  to  emphasize  the  acceleration  during  the  laser  pulse  and  the  subsequent 
deceleration. 
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Figure  1.  Schematic  of  the  experimenta]  setup. 
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Figure  2.  Images  of  75  ftm  diameter  copi>‘  r  wire  before  high-energy  illumination  (top)  and 
after  illumination  (bottom).  Irradiation  was  '^0  GW/cm*  using  a  KrF  pulse  (A  =  248  nm).  Beam 
propagation  was  from  right  to  left. 
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Figure  5.  Interaction  of  KrF  laser  (A  =  248  nm)  with  a  75  fim  diameter  copper  wire  at 
80  GW/cm^.  Time  given  under  each  photograph  is  the  delay  of  the  image  beam  with  respect  to 
the  arri\'a]  of  the  high-energy  laser  pulse.  Beam  propagation  is  from  right  to  left. 
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Figure  6.  Photomicrographs  of  side  view  (top)  and  shadow  surface  (bottom)  of  an  illuminated 
75  pm  diameter  copper  wire.  Irradiation  was  SO  GW/cm^  by  a  KrF  pulse  (A  =  248  nm). 


17 


Figure  7.  PhoUiii;i{  f.f  lyjjjfrtl  w  jjvos  psniclc  fciiiiuii r.;i  ilio  ficiii  'urface  of  an 

iUuminated  75  c!:;.;;.' •<  i  r  v,  ii<>.  IrradiaiicMi  v.j-.' "(niW/ciu' I'V  ;i  KiF  ( A  =  24S  nm). 


Figure  8.  Typical  dual  pulse  images  of  emitted  material  traveling  from  right  to  left  away 
from  the  ablation  area.  Time  delay  between  each  imaging  pulse  is  56  ns  providing  a  double 
exposure  image.  First  image  pulse  delayed  500  ns  after  arri\a]  of  high-energy  pulse.  Irradiation 
was  80  GW/cm^  by  a  KrF  pulse  (A  =  248  nm).  Image  dimensions  are  280  pm  square. 
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Figure  9.  Typical  dual  pulse  images  of  emitted  copper  particles  traveling  from  right  to  left 
away  from  the  ablation  area.  Time  delay  between  each  imaging  pulse  is  56  ns  providing  a  double 
exposure  image.  First  image  pulse  delayed  1500  ns  after  arrival  of  high-energy  pulse.  Irradiation 
was  80  GW/cm*  by  a  KrF  pulse  (A  =  248  nm).  Image  dimensions  are  165  X  230  fivn. 
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Figure  10.  Average  velocities  of  emitted  materials  from  interactions  of  KrF  laser  radiation 
at  80  GW/cm*  with  <5  fim  diameter  copper  wire  as  a  function  of  the  image  time  delay.  Top 
graph  has  been  expanded  to  emphasize  the  acceleration  during  the  laser  pulse  and  the  subsequent 
deceleration. 
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Interactions  of  intense  ultraviolet  laser  radiation  with  solid  aerosols 
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(Received  23  August  1989;  accepted  for  publication  10  November  1989) 

Characterizations  of  the  interaction  of  intense  ultraviolet  laser  radiation  {A  =  248  nm)  with 
small  solid  aerosols  are  presented.  Interaction  dynamics,  velocity  measurements  of  expelled 
material,  and  thresholds  for  plasma  formation  are  presented  for  aluminum,  calcium  fluoride, 
glass,  silicon  carbide,  and  tungsten  particles.  An  excimer  laser  operating  with  a  krypton 
fluoride  gas  mixture  was  used  to  irradiate  small  solid  aerosol  particles  ( ~  5-50  fim )  under 
atmospheric  and  vacuum  conditions  down  to  10  Torr.  Focused  laser  radiation  intensities 
varied  from  10’  W/cm’  to  a  maximum  of  2x  10”  W/cm’.  Interactions  of  the  laser  radiation 
with  the  solid  aerosols  were  recorded  in  real  time  by  an  ultraviolet  laser  imaging  system. 

Velocities  between  250  and  2000  m/s  were  measured  for  material  ejected  from  particles 
undergoing  laser  interaction.  Laser  intensity  thresholds  for  visible  plasma  emission  ranged 
from  a  maximum  of  650  MW/cm’  for  aluminum  to  a  minimum  of  59  MW/cm’  for  tungsten. 
Thresholds  for  plasma  formation  were  determined  to  be  relatively  independent  of  ambient 
pressure. 


I.  INTRODUCTION 

Recently  the  increasing  use  of  excimer  lasers  has  created 
a  growing  interest  in  the  interaction  effects  of  intense,  ultra¬ 
violet,  electromagnetic  radiation  with  solid  materials.  Inter¬ 
actions  of  both  high-power  and  high-energy  laser  radiation 
with  solid  materials  have  been  the  subject  of  many  theoreti¬ 
cal'*  and  experimental'"*  investigations.  An  understanding 
of  the  processes  governing  photon  interactions  with  solid 
aerosols  is  important  in  such  fields  as  the  study  of  the  pho¬ 
toablation  of  semiconductor  materials,  creation  and  depo¬ 
sition  of  thin  films,  industrial  production  of  powdered  mate¬ 
rials,  laser  machining  of  composites  and  metal  matrix 
materials,  and  many  other  applications.  A  knowledge  of  the 
interaction  processes  for  individual  particles  is  beneficial  in 
understanding  the  effects  on  a  macroscopic  scale. 

In  this  paper  the  results  of  three  related  investigations 
are  reported  for  the  interaction  of  intense  ultraviolet  laser 
radiation  with  solid  aerosols.  .An  excimer  laser  imaging  sys¬ 
tem  was  used  to  visualize  and  record  the  interaction  dynam¬ 
ics  of  single  laser  pulses  with  individual  particles  (or  ag¬ 
glomerates)  approximately  5-50  pm  in  diameter  and  the 
subsequent  laser  induced  breakdown  of  the  particles.  Typi¬ 
cal  velocities  of  material  ejected  from  the  solid  particles  dur¬ 
ing  and  subsequent  to  the  laser  pulse  interaction  were  stud¬ 
ied.  Finally,  threshold  laser  intensities  for  visible  plasma 
emission  were  studied.  The  work  reported  in  this  paper  was 
performed  under  surrounding  gas  pressures  ranging  from 
atmospheric  pressure  to  10"’  Torr  in  order  to  study  the 
pressure  dependence  of  the  breakdown  phenomena. 

II.  EXPERIMENTAL  PROCEDURE 

The  general  experimental  setup  used  for  this  investiga¬ 
tion  is  shown  schematically  in  Fig.  1.  Two  identical  Questek 
Model  2860  excimer  lasers  were  used  to  illuminate  the  parti¬ 
cles.  The  output  of  the  first  laser,  equipped  with  unstable 
resonator  optics,  was  focused  by  a  plano-convex  lens  (25.4 
cm  focal  length,  5.08  cm  diameter)  through  an  optical  port 


into  the  vacuum  chamber.  The  vacuum  chamber  consisted 
of  a  collar  fitted  with  eight  fused  silica  optical  ports  topped 
by  a  glass  belljar.  A  cryopump  was  used  in  conjunction  with 
a  mechanical  roughing  pump  to  achieve  10“  *  Torr  within 
approximately  15  min.  The  output  of  the  second  laser, 
equipped  with  stable  resonator  optics,  entered  the  vacuum 
chamber  in  a  direction  perpendicular  to  the  beam  of  the  first 
laser  along  the  axis  of  a  Cohu  Model  2006  \idicon  camera 
and  served  as  the  illumination  source  for  the  camera.  Align¬ 
ment  of  the  imaging  system  probe  volume  and  the  high-ener¬ 
gy  pulse  was  performed  using  a  stream  of  monodisperse  wa¬ 
ter  droplets,  generated  with  a  TSI  Model  3450  vibrating 
orifice  aerosol  generator.  The  droplet  stream  was  first  posi- 


FIG  I  Scticmatic  of  Iht  evperimenlal  arrangenienl. 
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tioned  in  the  imaging  system  focal  plane.  The  focal  point  of 
the  high-energy  pulse  was  then  adjusted  until  maximum  in¬ 
teraction  was  observed  with  the  droplets  by  the  real-time 
excimer  laser  imaging  system.  Finally,  the  droplet  stream 
w'as  removed  and  optical  discharge  in  the  atmosphere  was 
observed  using  the  imaging  system  to  insure  the  proper  verti¬ 
cal  positioning  of  the  high-energy  pulse  within  the  imaging 
plane.  Solid  particles  were  dispersed  from  a  reservoir 
through  a  500-//m  orifice  and  allowed  to  fall  through  the 
probe  volume.  Sync  signals  fron»  the  Cohu  791  OB  camera 
controller  were  used  to  coordinate  subsequent  firing  of  the 
two  excimer  lasers.  The  camera  controller  sync  signals  were 
sent  to  an  HP  801 5 A  pulse  generator  and  subsequently  to  a 
Questek  Model  9200  Laser  Sync  Unit  ( LSU ) .  The  LSU  was 
equipped  with  both  analog  and  digital  delays.  The  analog 
delay  was  used  to  adjust  the  laser  firing  times  such  that  the 
imaging  pulse  and  high-energy  pulses  arrived  simultaneous¬ 
ly  at  the  probe  volume.  Relative  delay  between  the  imaging 
and  high-energy  pulses  could  then  be  set  from  0  to  100 //s  in 
increments  of  10  ns  using  the  digital  delay. 

A  248-nm  bandpass  filter  was  used  in  the  imaging  sys¬ 
tem  to  eliminate  passage  of  intense  visible  emission  that 
tended  to  saturate  the  vidicon  camera  and  prevent  obseo’a- 
tion  of  the  interaction  phenomena.  The  only  observed  light  is 
:hus  due  to  the  illumination  beam  and  the  elastic  scattered 
light  from  the  high-energy  pulse. 

V'ariation  of  laser  intensity  for  threshold  measurements 
was  accomplished  by  varying  the  location  of  the  particles 
along  the  propagation  axis  of  the  focused  beam.  TTie  beam 
cross  section  was  determined  as  a  function  of  axial  location 
by  passing  a  knife  edge  through  the  beam  and  taking  the 
ratio  of  transmitted  to  incident  pulse  energy.  A  Hamamatsu 
Slow  Speed  Streak  Unit  was  used  to  measure  the  temporal 
characteristics  of  the  excimer  laser  pulse.  Average  laser  in¬ 
tensities  were  then  computed  based  on  pulse  energy,  pulse 
duration,  and  cross-sectional  area  of  the  pulse.  Particles 
were  subsequently  allowed  to  fall  through  the  focal  point  of 
the  high-energy  excimer  pulse  and  laser  intensity  decreased 
until  no  visible  plasma  emission  could  be  detected  within  the 
probe  volume.  Although  a  streak  camera  and  a  fast  photo 
diode  were  also  tried  as  methods  for  detecting  the  threshold 
values,  visual  observ  ation  was  found  to  give  the  most  consis¬ 
tent  data. 

III.  INTERACTION  DYNAMICS 

Experimental  investigations  consisted  of  real-time  short 
wavelength  imaging  of  the  interaction  of  high-power  ex¬ 
cimer  laser  radiation  with  particles  of  various  solid  materials 
under  atmospheric  and  vacuum  conditions  in  order  to  deter¬ 
mine  characteristic  particle  breakup  dynamics.  Dynamic  in¬ 
teractions  were  observed  for  aluminum,  calcium  fluoride, 
glass,  silicon  carbide,  tungsten,  aluminum  oxide,  and  poly- 
sty  rene/divinylbenzene  (DVB).  The  materials  investigated 
generally  ranged  in  size  from  5  to  50 //m  in  diameter  with  the 
exception  of  the  polystyrene/DVB  spheres  which  were  230 
fim  in  diameter.  Images  were  recorded  at  several  time  steps 
during  the  interaction  process  ranging  from  the  time  of  ar¬ 
rival  of  the  high-energy  pulse  up  to  1  fis  later.  Preliminary 
investigations,  conducted  to  determine  the  dependence  of 


the  interaction  process  on  the  ambient  pressure,  revealed 
only  minor  differences  in  breakup  dynamics  for  vacuum 
pressures  between  0.1  and  10'*  Torr.  Consequently,  dy¬ 
namic  interactions  are  only  prjcsented  for  atmospheric  and 
high- vacuum  ( 10  "  *  Torr)  cases.  The  interactions  were  gen¬ 
erally  of  two  distinct  tyjjes  corresponding  to  absorbing  (alu¬ 
minum,  silicon  carbide,  tungsten,  and  pwlystyrene/DVB) 
and  more  transparent  (calcium  fluoride  and  glass)  materi¬ 
als.  Interactions  involving  aluminum  and  calcium  fluoride 
are  presented  here  as  representative  of  the  two  types.  Images 
of 230-//m  polystyrene/DV'B  particles  are  also  included  due 
to  their  unique  explosive  dynamics. 

To  serve  as  a  control  in  studying  the  dynamics  of  parti¬ 
cle  breakup,  images  were  first  recorded  of  typical  particles 
prior  to  high-energy  laser  interaction.  Typical  shadow  im¬ 
ages  of  aluminum  and  calcium  fluoride  particles  are  shown 
in  Fig.  2.  Figure  3  shows  typical  laser  interactions  with  20- 
fim  aluminum  particles  at  a  pressure  of  10"  *  Torr.  The  laser 
pulse  is  propagating  from  the  right-  to  left-hand  side  in  all 
the  images  shown.  Of  particular  interest  are  the  photographs 
for  0  and  50  ns  time  delays.  Material  is  seen  being  ejected 
from  small  aluminum  particles  in  the  direction  of  laser  pulse 
propagation.  Figure  4  shows  similar  laser  interactions  with 
aluminum  particles  under  atmospheric  pressure  (=:760 
Torr).  As  with  the  interactions  in  vacuum,  material  is  eject¬ 
ed  in  the  form  of  plumes  moving  away  from  the  bright  re¬ 
gions  in  the  direction  of  laser  pulse  propagation.  These 
bright  spots  were  determined  to  result  from  elastic  scattering 
of  the  high-energy  pulse  by  the  solid  particles.  The  resulting 


FIG.  2.  Images  of  typical 
20  fim  aluminum  (top) 
and  40/im  calcium  fluoride 
(bottom)  particles  as 
viewed  by  the  laser  imaging 
system.  Two  out-of-focus 
calcium  fluoride  parficles 
are  visible  in  the  bottom 
image.  Image  dimensions 
are  400  /jm  square. 
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FIG  3.  Typical  interaclionsof KrF laser  (/I  =  24S  nm, /=  10"  W/cm") 
with  20 /jm  aluminum  particles  at  10  ’ '  Torr.  The  staled  times  correspond 
to  the  interval  between  arrival  of  the  high-energy  laser  pulse  and  the  illumi¬ 
nation  pulse  and  vary  by  ±  7  ns.  Laser  pulse  is  propagating  from  the  right- 
to  left-hand  side.  Image  dimensions  are  400 /tm  square. 


saturation  points  thus  served  to  mark  the  location  of  initial 
interaction  between  the  high-energy  pulse  and  the  solid  par¬ 
ticles.  Evidence  of  shock  waves  are  also  apparent  in  the  later 
time  stages  for  atmospheric  pressure  conditions.  It  should  be 
noted  that  the  stated  time  delays  are  average  values.  The 
jitter  ofthe  system  was  obsen  ed  to  be  approximately  +  7  ns. 

Figure  5  shows  typical  laser  interactions  with  calcium 
fluoride  particles  at  an  ambient  pressure  of  10'  ’  Torr.  The 
laser  pulse  is  propagating  from  the  right-  to  left-hand  side. 
Evident  in  all  the  photographs  is  the  very  intense  bright  re¬ 
gion  corresponding  to  the  location  of  the  laser-particle  inter¬ 
action.  It  should  be  noted  that  the  only  observed  light  is  for 
/i  =  248  nm  passing  through  a  bandpass  filter.  In  contrast  to 
the  aluminum  interactions,  material  appears  to  be  ejected  in 
a  much  more  symmetric  fashion  from  the  region  of  interac¬ 
tion  for  calcium  fluoride.  Figure  6  shows  similar  laser  inter¬ 
actions  w'ith  calcium  fluoride  particles  at  atmospheric  pres¬ 
sure.  The  breakup  dynamics  appear  to  be  almost  identical  to 
those  observed  under  vacuum  conditions.  The  presence  of  a 
shock  wave  is  evident  in  the  200-ns  case  for  atmospheric 
pressure  conditions. 

Figure  7  shows  typical  laser  interactions  with  polysty¬ 
rene/DVB  particles  at  an  ambient  pressure  of  10'*  Torr. 
Again,  the  laser  pulse  is  propagating  from  the  right-  to  left- 
hand  side.  Distinctive  phenomena  observable  in  these  im¬ 
ages  are  the  pronounced  jetting  of  material  from  the  front 
surface  of  the  particle  in  the  0-ns  case  and  the  absence  of  any 
observable  material  in  the  shadow  region  of  the  particle  in 


100  nsec  200  nsec 


FIG  4.  Typical  interactions  of  KrF  laser  {/.  =  24f  nm,/=  10"  W/cm’) 
with  20 //m  aluminum  particles  at  atmospheric  pressure  The  stated  limes 
correspond  to  the  interval  between  arris  al  of  the  high-energy  laser  pulse  and 
the  illumination  pulse  and  vary  by  ±  7  ns  Laser  pulse  is  propagating  from 
the  right-  to  left-hand  side.  Image  dimensions  arc  400 /cm  square. 


100  nsec  200  nsec 


FIG.  S.Typical  interactions  of  KrF  laser  (/.  =  24f  nm.  /  =  10"  W^cm’  ) 
with  40-<>0/<m  calcium  fluoride  panicles  at  10  '  Torr  The  stated  limes 
correspond  to  the  inters  al  beiw  een  arris  al  of  the  high-energy  laser  pulse  and 
the  illumination  pulse  and  sars  by  *ns  Laser  pulse  is  propagating  from 
the  right-  to  left-hand  side  Image  dimensions  are  400 /rm  square. 
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100  nsec  200  nsec 


FIG.  6  Typical  interaction!,  of  KrF  laser  (^.  =  nm,  /  =  10"  W/cm' ) 
uith^O-OOiUm  calcium  fluonde  panicles  at  atmospheric  pressure.  The  stat¬ 
ed  times  correspond  to  the  inters  al  betss  een  arriv  al  of  the  high-energs  laser 
pulse  and  the  illumination  pulse  and  vary  by  ^  '  ns  Laser  pulse  is  propa¬ 
gating  from  the  right-  to  left-hand  side.  Image  dimensions  are  400  /rm 
square. 


0  nsec 


FIG  Tvpicai  mterac- 
lis'^n's  of  KrF  laser '  /.  =  248 
nm.  1  —  10'  ‘  .  ,’m'  ) 

230  polvsfvrene* 

.  dt'  in\  Ibenrenc  panicles 
al  10  '  Torr.  The  s’aicd 
times  correspond  lo  the  in* 
lenal  he:\Neen  arrival  of 
the  high-encrg>  laser  puKc 
and  the  iliummation  pulse 
and  'ar\  by  ^  7  nv  Laser 
pulse  js  propagating  from 
the  right- 10  left-hand  sidc. 
Image  dimensions  are  4CK) 
/am  square. 


100  nsec 


the  100-ns  case.  One  possible  explanation  of  these  unique 
dynamics  is  the  variation  in  optical  size  parameter, 
a  =  2-aM,  where  a  is  the  particle  radius  and  i  is  the  wave¬ 
length  of  illuminating  radiation,  between  the  various  materi¬ 
als.  For  the  polystyrene/DV'B  panicles,  the  size  parameter 
was  approximately  one  order  of  magnitude  larger  than  that 
of  any  other  material  studied. 


IV.  VELOCITY  MEASUREMENTS 

Another  pan  of  the  investigation  was  to  determine  the 
velocity  of  material  ejected  from  laser-panicle  interactions 
by  imaging  techniques.  The  output  of  the  imaging  laser  w  as 
split  and  an  optical  path  delay  introduced  for  one  portion  of 
the  beam,  as  shown  in  Fig.  1.  Two  imaging  pulses,  with  an 
interval  time  delay  of  approximately  45  ns.  produced  dual- 
exposure  images  on  the  vidicon  camera.  Image  processing 
and  panicle  sizing  software  were  then  used  in  conjunction 
with  a  RCI  Trapix  5552  image  processor  to  determine  the 
distance  travelled  by  material  during  the  interval  between 
pulses  and  average  velocities  subsequently  computed. 

Figure  8  shows  a  typical  dual  image  of  expelled  material 
for  aluminum  particles.  The  image  shows  material  in  the 
upper  left-hand  comer  moving  aw  ay  from  the  bright  interac¬ 
tion  region  on  the  right-hand  side  (laser  pulse  is  propagating 
from  the  right-  to  left-hand  side).  The  material  travelled  a 
distance  of  approximately  55  pm  during  a  45-ns  pulse  inter¬ 
val  to  give  a  velocity  of  1 200  m/s.  Recent  experiments  in  our 
laboratory  using  small  diameter  wires  indicate  that  this  ma¬ 
terial  can  be  molten  at  2  mm  away  from  the  laser-particle 
interaction  interface. 

The  range  of  velocities  measured  are  shown  in  Table  I. 
Velocities  under  vacuum  conditions  for  glass  and  aluminum 
were  nearly  equivalent  and  ranged  from  440  to  2(X)0  m/s. 
Velocities  for  glass  spheres,  obtained  under  atmospheric 


FIG  ?  Typical  image  used  lo  determine  velocitie!.  of  material  expelled  from 
particles  during  interaction  with  KrF  laser  radiation.  The  material  in  the 
upper  left  of  the  image  travelled  55  /rm  during  the  45  ns  between  imaging 
pulses  giv  ing  an  average  velocity  of  1 200  m/s.  The  source  of  the  matenal  is 
believed  to  originate  from  the  bright  region  on  the  right-hand  side  where  an 
agglomeration  of  aluminum  particles  is  undergoing  laser  interaction  Image 
dimensions  are  400  fjtn  square. 
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T  ABLE  1.  Range  of  velocities  of  material  ejected  during  laser-particle  inter¬ 
action  determined  by  imaging  techniques. 


Laser 

Ambient 

Matenal 

iniensiiy 

pressure 

velocity 

Material 

( W/cm' ) 

(Torr) 

(m,rs) 

Glass  (5-50 pm) 

10" 

760 

250-750 

Glass  t5-50/jm) 

10" 

10’ 

440-2000 

Aluminum  (20pm) 

10" 

10-’ 

450-1500 

pressure,  ranged  from  250  to  750  m/s.  Uncertainty  in  veloc¬ 
ity  measurements  was  estimated  to  be  approximately  20%. 
TTie  range  of  material  velocities  was  found  to  be  highly  de¬ 
pendent  on  laser  intensity  (spatial  location  of  the  particle 
within  the  laser  beam  and  pulse  energy)  but  relatively  inde¬ 
pendent  of  the  target  material.  Figure  9  shows  an  image  of 
the  interaction  of  a  laser  pulse  with  three  aluminum  particles 
which  demonstrates  the  wide  variation  of  dynamics  in  and 
around  the  probe  volume.  The  three  bright  regions  observed 
on  the  right-hand  edge  of  the  image  are  due  to  elastic  scatter¬ 
ing  of  the  initial  high-energy  laser  pulse.  These  bright  re¬ 
gions  serve  as  markers  for  the  location  of  the  particles  at  the 
time  of  arrival  of  the  incident  pulse  on  the  particles.  The  top 
bright  spot  demonstrates  a  particle  that  has  undergone  com¬ 
plete  breakup  and  appears  as  a  cloud  of  material  to  the  left  of 
the  top  bright  spot  propagating  in  the  direction  of  the  laser 
pulse.  The  original  location  of  this  paaicle  coincides  with  the 
approximate  center  of  the  pulse  profile,  and  thus  the  highest 
intensity.  The  next  particle  down  is  located  near  the  edge  of 
the  pulse  profile.  Material  is  observed  in  the  shadow  region 
of  the  particle  moving  in  the  direction  of  the  laser  pulse,  but 
the  particle  appears  to  be  generally  intact.  The  laser  intensity 


FIG.  9  Pholograph  of  three  20 /rm  aluminum  particles  undergoing  laser 
interaction  Laser  pulse  is  propagating  from  the  right-  to  left-hand  side  The 
bright  spots  are  due  to  scattered  light  from  the  initial  high-energy  explosive 
pulse  and  serve  to  mark  the  original  location  of  the  panicles  The  top  parti¬ 
cle.  located  in  the  main  portion  of  the  pulse,  has  undergone  complete  break¬ 
up  and  appears  as  a  cloud  of  material  mov  ing  from  right  to  left.  The  middle 
particle,  located  near  the  edge  of  the  pulse,  shows  material  being  ejected  in 
the  direction  of  pulse  propagation  The  bottom  panicle,  located  in  the  wings 
of  the  pulse  is  observed  to  have  scattered  light  from  the  high-energy  pulse 
but  is  still  intact  Image  dimensions  are  400 /im  square. 


at  the  location  of  the  third  particle  is  obsened  to  be  much 
lower.  Scattered  248-nm  radiation  is  observ'ed  but  with  es¬ 
sentially  no  material  in  the  shadow  region  of  the  particle. 

V.  THRESHOLD  MEASUREMENTS 

Experimental  investigations  were  performed  to  measure 
the  initial  thresholds  for  visible  plasma  emission  from  var¬ 
ious  solid  materials.  The  dependence  of  the  breakdown 
threshold  on  ambient  pressure  was  investigated  for  pressures 
ranging  from  atmospheric  to  10^'*  Torr.  Thresholds  were 
determined  for  aluminum,  calcium  fluoride,  soda  lime  glass, 
silicon  carbide,  and  tungsten. 

.Average  measured  thresholds  for  visible  plasma  emis¬ 
sion  as  a  function  of  ambient  pressure  art  shown  in  Fig.  10 
for  the  materials  investigated.  The  threshold  was  found  to  be 
relati\'ely  independent  of  ambient  pressure  except  in  the  case 
of  tungsten.  The  average  thresholds  for  each  material  are 
presented  in  Table  II.  .According  to  Shinn  et  al.*  at  very 
high  laser  intensities  the  plasma  becomes  dense  and  highly 
absorbing  resulting  in  the  laser  energy  being  absorbed  in  a 
small  region.  Explosive  heating  results  and  a  laser-supported 
detonation  wave  is  initiated.  The  pressure  driving  these 
waves  may  be  on  the  order  of  several  hundred  bar.  As  a 
result,  they  state  that  it  is  reasonable  to  expect  the  ablation 
process  to  be  independent  of  ambient  gas  pressure  from 
vacuum  up  to  1000  Torr. 

Important  material  and  optical  properties  of  investigat¬ 
ed  materials  correlated  with  respective  measured  threshold 
intensities  are  also  shown  in  Table  II.  Under  vacuum  condi¬ 
tions  a  vapor  must  first  be  formed  from  the  solid  material  in 
which  a  pla.sma  may  then  form.  .A  review  of  the  specific  heat 
of  the  materials  shows  a  direct  correlation  between  increas¬ 
ing  specific  heat  and  threshold  intensity.  This  suggests  that 
as  the  specific  heat  increases  more  energy  is  required  to  ele¬ 
vate  the  temperature  of  the  material  to  vaporize  it.  An  inves¬ 
tigation  performed  by  Dreyfus,  Kelly,  and  Walkup’  sug¬ 
gested  that  thermal  effects  could  not  be  responsible  for 
plasma  formation  since  they  measured  surface  temperatures 
in  aluminum  of  only  500  K.  well  below  the  temperature  nec¬ 
essary  for  vaporization.  However,  an  investigation  reported 
by  Shinn  a  al.^  measured  temperatures  during  the  ablation 


FIG  10.  .4vcrapc  measured  (hreshold  for  visible  plasma  emission  from  ihe 
inleraciion  of  ultraviolet  laser  radiation  (/  =  248  nm)  with  various  solid 
materials  as  a  function  of  ambient  pressure. 
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TABLE  II.  Average  measured  threshold  for  vLible  plasma  emission  from 
the  interaction  of  ultraviolet  laser  radiation  {a  ~  24S  nm)  v^iih  various  ma¬ 
terials  and  correlation  to  physical  properties  of  the  materials. 


Material 

Measured 

threshold 

(MW/cm-) 

Ionization 

potential 

(eV) 

Refractive 

index 

(at  A  =  248  nm) 

Specific 

heat 

fU/kgK) 

Aluminum 

650 

6.0* 

0.190 

900' 

Calcium  fluonde 

550 

12.5‘ 

1.468“ 

S-XO* 

Glass 

310 

11.6'’ 

1  44' 

750" 

Silicon  carbide 

no 

9  0" 

3.16' 

675" 

Tungsten 

59 

7.98’ 

3  40“ 

134' 

“  Reference  9.  ^  Reference  13. 

^  Reference  10.  Referenced. 


-  Reference  11. 
‘’Reference  12. 


^Reference  15. 
Reference  16. 


of  silicon  that  suggest  that  thermal  effects  in  the  vaporiza¬ 
tion  of  material  may  be  significant. 

Examination  of  the  first  ionization  potentials  for  the 
materials  in  Table  II  to  their  relative  threshold  intensities 
also  reveals  a  direct  correlation  between  increasing  ioniza¬ 
tion  potential  and  threshold  intensity,  with  the  exception  of 
aluminum.  For  aluminum  exposed  to  an  atmospheric  envi¬ 
ronment  Uhlig  and  Revie*  state  that  a  passive  film  of  alumi¬ 
num  oxide  2-10  nm  in  thickness  w  ill  be  present.  The  optical 
properties  of  such  an  oxide  coating  on  micrometer-sized  alu¬ 
minum  panicles  was  beyond  the  scope  of  the  present  investi¬ 
gation.  Howet  er,  if  the  penetration  depth  were  equal  to  or 
less  than  the  coating  thickness,  the  interaction  of  bulk  alumi¬ 
num  might  be  more  closely  approximated  by  the  interaction 
ofUV  laser  radiation  with  aluminum  oxide.  Considering  the 
ionization  potential  of  aluminum  oxide  ( 1 0.0  eV )  instead  of 
aluminum  (6.0  eV)  brings  the  correlation  of  threshold  in¬ 
tensity  and  ionization  potential  more  closely  in  agreement. 

Finally,  Table  II  shows  a  correlation  between  the  real 
portion  of  the  refractive  index  and  threshold  intensity.  The 
experimental  results  indicate  that  threshold  intensity  in¬ 
creases  as  the  real  portion  of  the  refractive  index  decreases  at 
?.  =  248  nm. 

VI.  SUMMARY 

The  interactions  of  small  solid  aerosol  particles  with  ul¬ 
traviolet  laser  radiation  (?.  =  248  nm)  of  up  to  10”  W/cm* 
ha\e  been  insestigated  for  the  first  time.  Images  of  the  dy¬ 
namics  of  particle  b  -akup  during  and  subsequent  to  laser 
interaction  have  been  presented  for  aluminum  and  calcium 
fluoride.  The  dynamics  have  been  found  to  be  highly  variable 
and  dependent  upon  the  particle  size,  optical  properties  of 
the  material,  and  relatixe  location  of  the  particle  within  the 
cross  section  of  the  laser  pulse.  For  absorbing  materials  in 
the  5-50 /rm  range,  panicle  material  appears  to  be  ejected  in 
the  direction  of  laser  pulse  propagation.  Large  polysty- 
renc/DVB  panicles  (230 /tm  diameter)  have  been  found  to 
interact  entirely  on  the  illuminated  surface.  Whether  this  is 
due  to  its  unusually  large  size  parameter  or  optical  proper¬ 
ties  has  not  yet  been  determined  since  internal  field  calcula¬ 
tions  could  not  be  performed  since  data  on  the  index  of  re¬ 


fraction  at  248-nm  wavelength  is  apparently  not  available  in 
the  literature.  Calcium  fluoride  panicles,  which  are  highly 
transparent  to  the  laser  radiation,  have  been  found  to  ex¬ 
plode  symmetrically.  Velocities  of  material  expelled  from 
particles  during  laser  interaction  have  been  determined  by 
imaging  techniques.  The  velocity  of  material  expelled  during 
laser  interaction  has  been  found  to  be  highly  dependent  on 
the  incident  intensity  of  laser  radiation  and  to  the  ambient 
pressure,  but  appear  to  be  relatively  insensitive  to  material 
properties.  Velocities  obtained  under  atmospheric  condi¬ 
tions  for  glass  particles  range  from  250  to  7 50  m/ s.  Velocities 
obtained  similarly  for  glass  and  aluminum  under  high  vacu¬ 
um  conditions  range  from  440  to  2000  m/s.  Threshold  laser 
intensities  for  visible  plasma  emission  have  been  determined 
for  aluminum,  calcium  fluoride,  glass,  silicon  carbide,  and 
tungsten  under  pressures  ranging  from  10'  *  Torr  to  atmo¬ 
spheric  pressure.  Thresholds  have  been  found  to  be  insensi¬ 
tive  to  ambient  pressure  and  range  from  650  MW/cm’  for 
aluminum  down  to  59  MW/cm^  for  tungsten.  Comparison 
of  measured  threshold  intensities  to  material  properties  sug¬ 
gests  a  correlation  of  increasing  specific  heat,  increasing  ion¬ 
ization  potential  and  decreasing  real  portion  of  refractive 
index  with  increasing  threshold  intensity.  This  suggests  that 
thermal  effects  may  play  some  role  in  the  laser  induced 
breakdown  process  in  addition  to  multiphoton  ionization 
and  cascade  ionization  processes. 
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ABSTRACT 

A  theoretical  procedure  is  derived  for  the  determination  of  the  internal  and  external  electromag¬ 
netic  fields  for  a  monochromatic  beam  incident  upon  a  homogeneous  particle  of  arbitrarily-defined 
shape.  The  procedure  is  best-suited  for  the  analysis  of  near-spherical  particles  (i.e.  particles  which 
deviate  from  a  sphere  by  plus  or  minus  a  few  tenths  of  a  radii).  Verification  and  demonstration 
calculations  are  presented.  -Also  presented  are  calculations  investigating  the  effect  of  a  surface 
deformation  on  resonance  excitation  within  an  otherwise  spherical  particle. 
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I.  INTRODUCTION 

In  an  earlier  paper/  equations  were  derived  for  the  determination  of  the  internal  and  external 
electromagnetic  fields  for  a  beam  incident  upon  a  homogeneous  spherical  particle.  Presented  here  is 
a  generalization  of  this  earlier  work  which  permits  solutions  for  a  beam  incident  upon  a  homogeneous 
particle  of  arbitrarily-defined  shape.  This  new  approach  is  most  applicable  for  the  analysis  of  near- 
spherical  particles  (i.e.  particles  which  deviate  from  a  sphere  by  plus  or  minus  a  few  tenths  of  a 
radii).  The  procedure  could  be  used  to  determine,  for  example,  the  electromagnetic  fields  for  a  laser 
beam  focused  upon  a  small  liquid  droplet  which  has  been  deformed  in  shape  due  to  aerodynamic, 
thermal,  or  electromagnetic  stresses. 

For  a  plane  wave  incident  upon  a  homogeneous  particle,  analytical  solutions  of  the  electromag¬ 
netic  interaction  problem  exist  for  geometries  in  which  Helmholz  equation  is  separable.  Solutions 
have  been  obtained  for  a  plane  wave  incident  upon  a  homogeneous  sphere  (Mie^),  infinite  circular 
cylinder  (normal  incidence:  Lord  Rayleigh,^  oblique  incidence:  VV^ait"*),  infinite  ellipsoidal  cylinder 
(Veh^),  and  the  oblate/prolate  spheroid  (Oguchi®  and  Asano  and  Yamamoto^).  Several  approaches 
have  been  introduced  for  the  analysis  of  the  electromagnetic  interaction  of  a  plane  wave  incident 
upon  an  irregularly-shaped  particle:  the  perturbation  method.®'’'’  the  extended  boundary  condi¬ 
tion  method,’®"**  the  point  matching  method,®  the  coupled  dipole  method,’®"^®  the  finite  element 
method, ’®"^^  and  the  invariant  imbedding  T  matrix  method."®  Each  of  these  approaches  for  the 
analysis  of  an  irregularly-shaped  particle  have  their  own  associated  advantages/disadvantages  and 
regimes  of  applicability.  The  perturbation  method  is  limited  to  geometries  that  only  slightly  deviate 
from  that  of  a  sphere.  The  extended  boundary  condition  and  point  matching  methods  are  restricted 
to  geometries  of  limited  elongation  because  of  an  eventual  ill-conditioning  of  equations.  The  nu¬ 
merical  coupled  dipole  and  finite  element  methods  result  in  large  sets  of  simultaneous  equations 
which  restrict  solutions  to  small  objects  (relative  to  wavelength)  that  can  be  analyzed  using  a  small 
number  of  cells.  The  invariant  imbedding  T  matrix  method  is  a  hybrid  anaJytical/numerical  ap¬ 
proach  that  may  provide  solutions  with  fewer  computation  steps  in  comparison  with  the  numerical 
schemes  of  the  coupled-dipole  and  finite  element  methods. 

All  of  the  aforementioned  irregularly-shaped  particle  efforts  have  been  predominately  concerned 
with  the  determination  of  the  far-field  scattering  patterns  for  plane  wave  illumination.  Yeh,  Colak, 
and  Barber^”  have  considered  the  determination  of  the  far-field  scattering  for  a  beam  incident  upon 
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an  irregularly-shaped  particle.  In  the  approach  of  Yeh,  Colak,  and  Barber,'®  the  incident  field  is 
e.xpanded  in  a  plane  wave  spectrum  and  a  superposition  of  plane  wave  solutions,  obtained  using 
the  e.xtended  boundary  condition  method,  is  performed. 

In  our  theoretical  development,  a  focused  beam  solution  is  obtained  by  utilizing  the  incident 
field  directly  and,  unlike  the  approach  of  Yeh,  Colak,  and  Barber^®,  the  computationally  time- 
consuming  superposition  of  individual  plane  wave  solutions  is  not  necessary.  In  addition,  our  work 
concerns  not  only  the  determination  of  far-field  scattering  patterns,  but  also  the  determination  of 
the  internal  and  near-field  electromagnetic  field  distributions. 
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11.  THEORETICAL  DEVELOPMENT;  GENERAL  THEORY 

The  specific  problem  considered  is  that  of  a  monochromatic  electromagnetic  beam  within 
an  infinite,  nonabsorbing,  dielectric  medium  incident  upon  a  particle  of  arbitrarily-defined  shape. 
The  particle  and  the  surrounding  medium  are  homogeneous,  linear,  isotropic,  and  nonmagnetic 
(/i  =  1).  The  geometrical  arrangement  is  shown  in  Fig.  1.  The  coordinate  system  origin  is 
located  within  (and  near  the  center)  of  the  particle.  The  particle  has  an  associated  characteristic 
radius,  a,  and  all  spatial  quantities  are  nondimensionalized  (as  indicated  by  a  tilde)  relative  to 
this  characteristic  radius.  Though  the  theoretical  development  is  applicable  for  any  incident  beam 
for  which  a  mathematical  description  is  known,  for  the  calculations  presented  in  this  paper,  a 
focused,  linearly-polarized.  Gaussian-profiled  (TEMqo  mode)  beam  will  be  zissumed.  A  fifth-order 
corrected  mathematical  description  of  the  electromagnetic  field  components  for  the  Gaussian  beam, 
as  previously  presented  by  Barton  and  Alexander, is  utilized  for  the  analysis.  All  electromagnetic 
quantities  are  nondimensionalized  relative  to  an  electric  field  amplitude  characteristic  of  the  incident 
beam.  Eq.  For  the  Gaussian  beam,  Eq  is  the  electric  field  amplitude  at  the  focal  point,  which  can 
be  related  to  the  beam  power  by  an  expression  given  in  Ref.  30. 

The  input  parameters  of  the  analysis  are  as  follows:  (1)  the  particle  shape  function,  f{9,4>) 
(A  nondimensionalized  single- valued  function  of  the  spherical  coordinate  angles  that  defines  the 
surface  of  the  particle.  For  a  centered  sphere,  this  function  would  equal  to  one.),  (2)  the  particle 
size  parameter,  o  =  irra/Af^,  (Aei(  is  the  wavelength  within  the  surrounding  medium.),  (3)  the 
complex  relative  refractive  index  of  the  particle,  n  =  y/Unt/fTxt^  (“1)  the  nondimensionalized  beam 
focal  point  coordinates,  (io.yo.^o)  (The  location  of  the  focal  point  of  the  incident  beam  relative 
to  the  particle.),  (5)  the  nondimensionalized  beam  waist  radius,  tuo,  (6)  the  beam  propagation 
direction  angle,  9i,d  (The  beam  is  assumed  to  propagate  parallel  to  the  x-z  plane.  9i,d  is  the  angle 
of  beam  propagation  relative  to  the  y-z  plane.),  and  (7)  the  beam  polarization  orientation  angle, 
<l>bd  (Eor  <phd  =  Q°,  the  beam  electric  field  polarization  is  parallel  to  the  x-z  plane.  For  4>i,d  —  90®, 
the  beam  electric  field  polarization  is  perpendicular  to  the  x-z  plane.). 

The  procedure  for  determining  the  electromagnetic  fields  for  a  beam  incident  upon  a  particle 
of  arbitrarily-defined  shape  is  a  generalization  of  the  beam  incident  upon  a  spherical  particle  de¬ 
velopment  presented  in  Ref.  1.  The  electromagnetic  field  is  divided  into  three  parts:  the  incident 
field  (the  field  that  would  exist  in  the  absence  of  the  particle),  the  scattered  field  (the  difference 
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between  the  external  particle  field  and  the  incident  field),  and  the  internal  field  (the  field  within 
the  particle).  The  external  field  is  the  sum  of  the  incident  field  (assumed  known)  and  the  scattered 
field:  and  The  scattered  field  and  the  internal  field  are  to 

be  determined.  The  solution  is  formulated  in  spherical  coordinates,  {r,9,4>). 

The  theoretical  approach  used  is  a  more  mathematically  rigorous  variation  of  the  point  match¬ 
ing  method,®  and  will  be  referred  to  as  the  boundary  matching  method.  The  electromagnetic  field 
components  of  the  unknown  scattered  and  internal  fields  are  expressed  in  terms  of  general  series 
expansions  over  products  of  Riccati- Bessel  functions  [tl’;(kr),  Xj(fcr)]  and  spherical  harmonic  func¬ 
tions  \Yim{d,<i>)\  as  were  derived  in  Ref.  1.  For  the  particle  of  arbitrarily-defined  shape,  the  forms 
of  these  series  expansions  for  the  scattered  and  internal  fields  are  identical  to  those  used  for  the 
analysis  of  the  spherical  particle,  by  way  of  the  same  reasoning.  The  =  ^;  -|-  ixi  functions  are 
excluded  from  the  scattered  field  since,  in  the  far-field,  these  functions  represent  incoming  spherical 
waves  and,  in  the  far-field,  the  scattered  field  must  consist  of  outgoing  waves  only.  For  the  internal 
field,  the  functions  are  excluded  since  these  functions  are  unbounded  at  the  coordinate  origin 
and  the  internal  field  must  be  finite  everywhere  within  the  particle,  including  the  coordinate  origin. 

The  coefficients  of  the  scattered  and  internal  field  series  expansions  must  be  chosen  to  satisfy 
the  boundary  conditions  (continuity  of  the  tangential  electromagnetic  field  components)  at  the 
surface  of  the  particle.  In  the  point  matching  method,  the  boundary  conditions  are  imposed,  not 
continuously  over  the  particle  surface,  but  at  a  finite  number  of  distributed  points.  In  the  boundary 
matching  method  (used  here),  the  boundary  condition  equations  are  expanded  in  spherical  harmon¬ 
ics  and  matched  for  each  angular  mode.  This  results  in  a  set  of  simultaneous  algebraic  equations 
from  which  the  series  coefficients  can  be  determined. 

Chew^'  has  recently  shown  that  the  boundary  matching  method,  as  described  here,  is,  in  the 
end,  formally  equivalent  to  the  commonly  accepted  extended  boundary  condition  method.  The 
boundary  matching  method  would  then  be  expected,  similar  to  the  extended  boundary  condition 
method,  to  exhibit  an  ill-conditioning  of  the  series  coefficient  equations  when  attempting  to  analyze 
particles  of  appreciable  elongation.  (A  set  of  linear  algebraic  equations  is  said  to  be  ill-conditioned 
when  a  small  error  in  the  coefficient  matrix  will  cause  a  large  error  in  the  solution  vector.)  However, 
the  eventual  ill-conditioning  of  the  equations  for  the  elongated  object  should  not  be  interpreted  as 
an  indication  of  the  lack  of  mathematical  rigor  for  the  boundary  matching  method  (or  the  extended 
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boundary  condition  method),  the  procedure  is  mathematically  rigorous,  but  not  well-suited  (from 
a  computational  viewpoint )  for  the  analysis  of  elongated  objects. 

The  boundary  matching  method  procedure  for  the  analysis  of  a  beam  incident  upon  a  general 
arbitrarily-shaped  particle  is  as  follows.  The  electromagnetic  field  components  of  the  unknown 
scattered  and  internal  fields  are  expressed  in  the  form  of  series  expansions  as  were  derived  in  Ref. 
1  and  as  are  given  in  nondimensional  form  (as  used  here)  in  Ref.  32.  For  the  scattered  field 
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In  the  above  equations,  =  c’;  —  i\i,  where  t’(,  X/  are  the  Riccati- Bessel  functions,  and  Yim  is  the 
spherical  harmonic  function.  L  is  the  upper  limit  value  of  the  radial  index  (/)  necessary  for  series 
convergence.  There  are  then 
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iV  =  5^(2/+l)  (13) 

i=i 

terms  in  each  series  expression.  (N  is  the  number  of  Im  combinations  for  a  given  value  of  L.) 

The  series  coefficients  of  the  scattered  field,  a/m,bim,  and  the  series  coefficients  of  the  internal 
field,  cimydimy  must  be  determined  so  a.s  to  satisfy  the  condition  of  tangential  electromagnetic  field 
continuity  at  the  particle  surface,  .^t  r  =  f{9,d>). 


and 


(n  X  £)"'  =  (n  X  £)'"' 


(14) 


(hx  =  (nx  H)'”*  (15) 

where  n  is  a  unit  vector  perpendicular  to  and  outwardly  directed  from  the  particle  surface.  Consid¬ 
ering  tangential  components  in  the  polar  angle  (tf)  and  azimuthal  angle  (0)  directions,  the  boundary 
conditions  of  Eqs.  (14)  and  (15)  can  be  expressed  as 

(ErsinO  -h  EgcosO)"*  =  (ErSinB  +  £«costf)*"‘,  (16) 
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are  angles  related  to  the  shape  of  the  particle  {0,^  are  both  zero  for  a  centered  sphere). 

The  electromagnetic  field  components  of  the  scattered  and  internal  fields  given  by  Eqs.  (1)- 
(12)  arc  substituted  into  the  boundary  condition  equations,  Eqs.  (16)-(19).  Since  these  equations 
are  evaluated  at  the  surface  of  the  particle  where  f  =  f(tf,  0),  both  sides  of  each  of  these  equations 
are  a  function  of  9,0  only.  In  order  to  determine  the  series  coefficients  aim,btmjCtm,<iim  necessary 
to  satisfy  the  boundary  condition  equations,  Eqs.  (16)-(19)  are  expanded  in  spherical  harmonics 
{Yi'm'),  and  the  left  and  right-hand-sides  of  each  equation  are  equated  for  each  I'm'  mode.  The 
result  is  a  set  of  4N  linear,  algebraic  equations  that  can  be  solved  for  the  4N  values  of  the  series 
coefficients 
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Thp  liini'm'  surface  integrals  of  Eqs.  (26)-(33)  are  dependent  solely  upon  the  shape  of  the  particle, 
f{0,4>).  The  Ih'm'  terms  of  Eqs.  (34)-(37)  incorporate  both  the  shape  of  the  particle  and  the 

nature  of  the  incident  field. 

In  summary,  the  procedure  for  determining  the  internal  and  external  electromagnetic  fields 
for  a  beam  incident  upon  a  ()article  of  general  arbitrarily-defined  shape  is  as  follows.  For  a  given 
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set  of  input  parameters  fiO.o),  a,  n,  (xq,  yo,  ^o),  u>o,  hd,  and  the  //„/-„■  and 
surface  integrals  of  Ecps.  (2(i)-(33)  and  Eqs.  (34)-{37),  respectively,  are  determined  by  numerical 
integration.  The  set  of  IN  linear  algebraic  equations  of  Eqs.  (22)-(25)  is  then  solved  for  the  4N 
values  of  the  series  coelFicients  The  scattered  field  component  equations,  Eqs. 

(l)-(6),  with  the  now  known  associated  scattered  field  series  coefficients,  can  then  be  used 

to  determine  the  scattered  field  for  any  spatial  position  outside  the  particle,  r  >  t{6,4>).  The 
external  field  is  the  sum  of  the  scattered  field  and  the  known  incident  field.  The  internal  field 
component  equations,  Eqs.  (7)-(12),  with  the  now  known  internal  field  series  coefficients, 
can  be  used  to  determine  tlie  internal  field  for  any  spatial  position  within  the  particle,  f  < 

.\s  defined  earlier,  L  is  the  maximum  value  of  the  radial  index  (/)  necessary  for  convergence 
of  the  series  expressions  for  tlie  electromagnetic  field  components  given  in  Eqs.  (1)-(12).  Ideally, 
for  a  particular  proldem.  the  value  of  L  could  be  successively  increased  until  the  electromagnetic 
field  solution  no  longer  changes  significantly,  and  any  desired  degree  of  accuracy  could  be  obtained. 
In  practice,  such  solution  convergence  has  been  found  for  near-spherical  geometries.  For  elongated 
geometries.  howev(>r,  the  set  of  algebraic  equations  used  to  solve  for  the  series  coefficients  may 
become  increasingly  ill-conditioned  with  increasing  L  and  the  set  of  algebraic  equations  may  become 
unsolvable  (from  a  computational  viewpoint)  before  overall  solution  convergence  occurs  and,  at  best, 
only  an  approximate  solution  can  be  determined.  Convergence  and  applicability  of  the  procedure 
will  be  more  fully  discussed  in  Sec.  \'. 
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III.  THEORETICAL  DEVELOPMENT:  AXISYMMETRIC  THEORY 

The  developnieut  of  See.  11.  was  for  the  general  case  where  f{0,4>).  If  the  particle  is  ajc- 
isymmetric  and  is  centered  about  the  z  axis  such  that  f(9)  only  (no  dependence),  then  major 
simplifications  in  the  solution  procedure  can  be  attained.  If  f  is  independent  of  </>,  then  the  Iimi'm' 
surface  integrals  of  E<is.  CiGl  l.H)  are  zero  for  m'  ^  m.  In  addition,  the  azimuthal  integrations  can 
be  performed  explicitly  so  the  surface  integrals  of  Eqs.  (26)-(39)  can  be  reduced  to  line  integrals: 


+  lK\'\af)PU0)  +  (38) 

7o  r-  T  09 


'ntl'  / 

Jo 


,  qcos9  m  ( I ) 


e,i/*f)Pim{9)]P,,n(9)d9. 


(39) 


=  2rr  f  +  l)ti;’,(hQ:f)P(„(^)  +  ^^^^nv'i{nar)^^^]Pi.m{9)sin9d9,  (40) 

/-  r  09 


tfmi'  =-<2^  r[^^-^t,(naf)P,„,(9)]Pr,n(0)d9, 
Jo  ’’ 


(41) 


=2tr  ri^im^,^^'{af)P,„{9)]Prm(9)d9, 

Jo  r 


(42) 


Ifm,  =  I  [j 

Jo  r 


-  -^=^\'\af)^^^]Pi.m(0)sin9d9, 


(43) 


and 


=2ir  f  [^iTnnil’\{nar)Pi^(9)]Pi>m(9)d9, 
Jo  »■ 


(44) 


(45) 


lf„,,=2n  j  [j-^=Mnaf)^^^]Pi'm(0)sin9d9. 

Also,  for  the  axisymmetric  case,  the  4N  simultaneous  equations  of  Eqs.  (22)-(25)  can  be  divided 
into  subsets  of  linearly  independent  equations  for  each  value  of  the  angular  index,  m.  For  a  given 
value  of  m(j^  0),  E<is.  (22)-(25)  become 
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(46) 


(  =  lm| 


y~l  [-ifmV^lm  4-  l^ml'^lm  4"  1(^1, Clm  “  ffml'dlm]  -  ^I'mi 

l=\m\ 


[~*  fi  f /I'mi'a/m  “  (ext^lrnl'^lrn  4"  tlml'^lm]  — 


y  [“' f  -  ifml'^lm  4“  ( eit  ifrnl' ^  Im  4-  //^j/d/rn]  —  m  (^0) 

i=|m| 

for  each  I'  =  |m|  to  L. 

For  each  m(  7^  0).  F(is.  (  l(;)-(o0)  then  provide  4(L  -  |7n|  +  1)  linear  algebraic  equations  to  solve  for 
the  4(  L  -  |7ni  +  1 )  valtu's  of  airn,bt„^,cim,dim  (for  a  given  771(7^  0)]. 

Since  /('^c .  f'mi"  ^Jmi'  solution  of  the  aio,bio,cio,dio  terms  must 

be  handled  separately.  If  m  =  0  then  Eqs.  (22)-(25)  become 

L 

^  =  '4;'0'  (51) 


y^[4‘Aor^to  “  ^io/'‘^io]  —  ''l/'O' 


4-  ifoi'dio]  —  ^t'oi 


—  4"  —  Bf,Q  (54) 

1=1 

for  each  1'  =  1  to  L. 

Eqs.  (51)  and  (54)  thus  provide  2L  linear,  algebraic  equations  to  solve  for  the  2L  values  of  aio,c/o 
and  Eqs.  (52)  and  (."i.^)  provide  2L  linear,  algebraic  equations  to  solve  for  the  2L  values  of  biQ,dto- 


In  suniniary,  the  proerdurc  for  determining  the  internal  and  external  electromagnetic  fields 
for  a  beam  incident  upon  an  axisymmetric  particle  is  as  follows.  For  a  given  set  of  input  param¬ 
eters,  f{0),  a,  II.  (i'u, u’oi  ^6<i<  and  4>bii,  the  /(„//  line  integrals  of  Eqs.  (38)-(45)  and  the 
Ai'm'y  Di'm'  surface  integrals  of  Eqs.  (34)-(37)  are  determined  by  numerical  integration.  The  linear 
algebraic  equations  of  Eqs.  ( 46)-(54)  are  then  solved  for  the  scattered  field  and  internal  field  series 
coefficients.  aimJjim-i'bn.dim-  Once  the  series  coefficients  are  known,  Eqs.  (1)-(12)  can  be  used  to 
determine  the  elec  tromngneiic  field  for  any  spatial  position  inside  or  outside  the  particle. 
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IV.  VERIFICATION  CALCULATIONS 

The  theoretical  developments  of  Secs.  II.  and  III.  were  verified  by  making  direct  comparisons 
with  known  solution.s.  Electromagnetic  field  calculations  for  a  focused  beam  incident  upon  a  cen¬ 
tered  sphere  [f(0.o)  =  1]  using  the  general  theory  of  Sec.  II.  and  the  axisymmetric  theory  of  Sec. 
III.  were  found  to  be  in  agreement  with  corresponding  electromagnetic  field  calculations  using  the 
spherical  particle/m  bitrary  beam  theory  of  Ref.  1. 

For  a  more  thorough  confirmation,  calculations  were  performed  for  a  spherical  particle  dis¬ 
placed  from  the  origin.  Calculations  of  far-field  scattering  of  a  displaced  sphere  have  previously 
been  used  by  Harber  and  'teh'®  for  confirmation  of  their  extended  boundary  condition  method 
and  by  Johnson'*  for  confirmation  of  his  invariant  imbedding  T  matrix  method.  If  the  sphere  is 
displaced  along  tin,'  z-axis.  then  the  particle  shape  function  is  a  function  of  the  polar  angle,  f(0), 
and.  from  a  matlKunai ical  viewpoint,  the  particle  appears  nonspherical.  For  the  sphere  displaced 
along  the  z-axis.  the  axisymmetric  theory  of  Sec.  III.  can  be  used  to  determine  the  electromag¬ 
netic  field  distribnt  ioms.  However,  if  plane  wave  illumination  is  assumed,  the  electromagnetic  field 
distribution  should  In-  id<’;itital  to  that  of  plane  wave  Lorenz-Mie  theory. 

.•\s  an  example.  Fig.  2  presents  a  plot  of  the  normalized  source  function  (S  =  jFI^/Fo) 
distribution  in  the  x-z  idtute  for  a  30°  angle  of  incidence  plane  wave  incident  upon  a  centered  sphere 
of  a  =  8.0  and  u  =  1.2  -1-  0.02i.  Figure  2  is  the  Lorenz-Mie  theory  solution  rotated  30°  about  the 
origin  in  the  x-z  i)lane  in  order  to  account  for  the  angle  of  incidence  of  the  plane  wave.  Figure  3 
was  generated  using  the  axisymmetric  theory  of  Sec.  III.  for  identical  conditions  as  Fig.  2,  except 
that  the  sphere  has  been  displaced  along  the  z-axis  by  a  distance  of  Az  =  -1-0.25.  A  comparison 
of  Figs.  2  and  3  shows  that  the  normalized  source  function  distribution  of  the  displaced  sphere 
(Fig.  3)  calculated  using  the  axisymmetric  theory  of  Sec.  III.  is  identical  to  the  normalized  source 
function  distribution  of  the  centered  sphere  (Fig.  2)  calculated  using  Lorenz-Mie  theory,  except 
that  the  entire  solution  of  Fig.  3  (both  internal  and  near-field)  has  been  shifted  along  the  z-axis  by 
a  distance  of  Az  —  0.25,  as  would  be  expected.  (A  more  detailed  comparison  of  the  electromagnetic 
field  vectors  (E,  iJ)  at  corresponding  points  also  demonstrated  identical  agreement.) 

A  similar  approach  was  used  to  confirm  the  general  theory  of  Sec.  II.,  except  the  sphere  is 
now  displaced  along  the  x-axis  so  that  the  particle  shape  function  is  a  function  of  both  the  polar 
and  azimuthal  angles,  r(ff,<p).  Figure  4  shows  the  normalized  source  function  distribution  for  a  30° 
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angle  of  incidence  |)lane  wave  incident  upon  a  centered  sphere  of  q  =  2.0  and  h  =  1.2  +  0.02i  as 
determined  using  Lorenz- Mie  theory.  Figure  5  provides  the  normalized  source  function  distribution 
calculated  using  the  general  theory  of  Sec.  II.  for  conditions  identical  to  those  of  Fig.  4,  except 
that  the  sphere  has  been  displaced  along  the  x-axis  by  a  distance  of  Ax  =  0.1.  A  comparison  of 
Figs.  4  and  5  shows  that  the  normalized  source  function  distribution  of  Fig.  5  is  identical  to  that 
of  Fig.  4,  except  that  the  entire  solution  has  been  shifted  along  the  x-axis  by  a  distance  of  Ax 
=  -t-0.1,  as  would  be  expected.  (Again,  a  more  detailed  comparison  of  the  electromagnetic  field 
vectors  (E,I{)  at  corresponding  points  also  demonstrated  identical  agreement.) 

.\nothcr  confirmation  could  be  obtained  by  making  comparisons  with  existing  nonspherical, 
regular  geometry  solutions.  No  results  exist  in  the  literature  for  internal  and  near-field  electromag¬ 
netic  field  distributions  other  than  for  the  centered  sphere.  However,  comparable  far-field  scattering 
data  are  available.  Oguchi*'  used  a  spheroidal  function  expansion  solution  for  the  plane  wave  in¬ 
cident  upon  an  oblate  spheroid  problem  to  provide  a  verification  of  his  point  matching  method 
procedure.  In  Ref.  (i,  the  spheroidal  function  expansion  solution  was  applied  to  determine  the 
forward  and  backward  f;ir-field  scattering  for  a  plane  wave  incident  upon  an  oblate  spheroid.  The 
plane  wave  was  dirot  ted  perpendicular  to  the  axis  of  rotation  of  the  oblate  spheroid  and  both  “hor¬ 
izontal”  (electric  field  p»;rpendicular  to  the  axis  of  rotation)  and  “vortical”  (electric  field  parallel  to 
the  axis  of  rotation)  incident  polarizations  were  considered.  Oguchi  presented  his  results  in  terms 
of  a  vector  scattering  function  which,  in  a  form  consistent  with  the  development  of  this  paper, 
would  be  defined  as 


=  lim 


(55) 


Calculations  wme  performed  using  parameters  consistent  with  those  used  to  generate  the  re¬ 
sults  of  Tables  4  and  5  in  Ref.  6.  The  incident  wavelength  is  =  8.612  mm  (34.8  GHz)  and 
the  particle  matririal  has  a  complex  relative  index  of  refraction  of  h  =  5.048  -f  2.794i  (water).  A 
plane  wave  (ti’o  =>  oo)  with  a  propagation  direction  angle  of  =  90"  was  assumed.  The  forward 
scattered  field  is  thus  evaluated  at  =  wf2,<f>  =  0  and  the  backward  scattered  field  is  evaluated  at 
6  =  x/2,0  =  X.  For  “horizontal”  polarization  the  polarization  direction  angle  is  =  90®  and  for 
“vertical”  polarization  the  polarization  direction  angle  is  <f)i,d  =  0®.  Calculations  were  performed 
for  ten  different  major  semiaxis  and  major  to  minor  axis  ratio  combinations  as  given  in  Tables  I. 
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and  II.  The  results  of  the  axisymmetric  theory  of  Sec.  III.  and  the  results  of  the  spheroidal  function 
expansion  solution  a.s  presented  by  Oguchi®  are  shown  side-by-side  for  comparison.  (In  order  to 
obtain  consistency  between  the  two  developments,  the  complex  conjugate  of  Oguchi’s  results  are 
presented  since,  in  his  work,  a  time  dependency  was  assumed  as  opposed  to  a  time 

dependency  used  here.) 

The  “horizontal”  polarization  results  are  given  in  Table  I.  and  the  “vertical”  polarization  results 
are  given  in  Table  II.  For  the  axisymmetric  theory  of  Sec.  III.,  four  digit  convergence  was  obtained 
for  both  the  real  and  imaginary  parts  for  all  data  presented.  As  can  be  seen  in  Tables  I.  and  II.,  the 
results  of  the  axisymmetric  theory  of  Sec.  III.  and  the  results  of  the  spheroidal  function  expansion 
solution  of  Oguchi  me  in  agreement  within  an  average  deviation  of  approximately  1  part  in  1000. 
The  slight  difTcrcnco  in  the  two  results  might  be  explained  by  the  fact  that  Oguchi  truncated  his 
spheroidal  function  ('Xjiansion  solution  at  a  radial  index  of  9,  which  may  not  be  a  sufficiently  high 
vcdue.  especially  for  the  larger  size  parameters. 
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V.  CONVERGENCE  AND  APPLICABILITY 


In  Sec.  II.,  L  was  defined  as  the  maximum  value  of  the  radial  series  index  (/)  necessary 
for  series  convergence.  Ideally,  for  a  particular  problem,  the  value  of  L  could  be  successively 
increased  until  the  solution  no  longer  changes  significantly.  Such  convergence  has  been  found  for 
near-spherical  particles.  However,  as  particles  of  increzising  elongation  are  considered,  convergence 
becomes  slower,  and  a  greater  number  of  terms  are  required  to  obtain  a  given  degree  of  accuracy. 
For  extremely  elongated  particles,  the  simultaneous  algebraic  equations  used  for  the  solution  of 
the  series  coefficients  may  become  increasingly  ill-conditioned  as  L  is  incremented,  thus  making 
the  accurate  numerical  solution  of  these  equations  increasingly  difficult.  For  extremely  elongated 
particles,  the  series  coefficient  equations  may  become  so  ill-conditioned  as  to  be  unsolvable  (from  a 
computational  viewpoint)  before  overall  solution  convergence  has  been  attained.  Similar  solution 
difficulties  have  been  observed  when  applying  the  extended  boundary  condition  method  to  severely 
nonspherical  particles.^* Note  that  when  L  is  increased,  not  only  are  additional  terms  added  to 
the  series  evaluation  of  the  electromagnetic  field  components  [Eqs.  (1)-(12)],  but,  since  the  series 
coefficients  are  determined  by  the  solution  of  simultaneous  equations,  the  values  of  all  the  lower 
order  series  coefficients  can  be  affected  as  well. 

The  boundary  matching  method  used  for  the  solution  of  the  beam  incident  upon  an  arbitrarily- 
shaped  particle  prol)lem  is  apparently  best-suited  for  the  analysis  of  near-spherical  particles.  In 
order  to  assure  accuracy  for  any  particular  problem,  it  is  necessary  to  verify  solution  convergence  for 
the  value  of  L  chosen.  A  single  parameter  associated  with  solution  convergence  weis  defined.  From 
experience,  it  was  found  that  the  normal  electromagnetic  field  continuity  conditions  at  the  surface 
of  the  particle  provide  a  sensitive  solution  convergence  criteria.  The  solution  procedure  imposes  a 
matching  of  the  internal  and  external  tangential  electromagnetic  field  components  across  the  surface 
of  the  particle  through  Eqs.  (16)-(19).  In  addition  to  these  tangential  continuity  conditions,  the 
internal  and  external  normal  electromagnetic  field  components  at  the  surface  of  the  particle  should 
be  related  by 


and 


=  n^E. 


^2  ir»»nt 


(56) 
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(57) 

The  solid-angle-averaged- value  of  -|-  over  the  surface  of  the  particle, 


Z).  =  r  /'  (58) 

Jo  Jo  ^ 

was  defined  as  an  empirical  convergence  criteria.  The  smaller  the  value  of  the  average  deviation  of 
the  normal  electromagnetic  field  components,  Z)„,  the  more  closely  the  boundary  conditions  at  the 
surface  of  the  particle  are  being  matched  and  the  more  accurate  the  solution. 

.\s  a  demonstration  of  the  effect  of  particle  shape  and  size  on  convergence,  a  set  of  calculations 
were  performed  for  a  30°  angle  of  incidence  plane  wave  incident  upon  equal  volume  prolate  spheroids 
of  varying  axis  ratios  (elongation)  and  two  different  size  parameters.  An  index  of  refraction  of  n  = 
1.33  +  O.OOi  was  assumed.  Figure  6  gives  the  average  deviation  of  the  normal  electromagnetic  field 
components  (Dn)  as  a  function  of  axis  ratio  (a/b)  and  L  for  equal  volume  prolate  spheroids  with 
<ijp/iere  =  4.0.  As  shown  in  Fig.  6,  for  a  sphere  (a/b  =  1.0),  Dn  decreases  rapidly  with  Increasing 
L.  The  solution  for  elongated  particles  with  a/b  =  1.1,  1.2,  and  1.3  converge,  with  increasing  values 
of  L,  successively  more  slowly  with  increasing  elongation.  To  obtain  a  value  of  D„  less  than  0.001 
requires  L=10  for  a/b=l.l,  L=14  for  a/b=1.2,  and  L=20  for  a/b=1.3.  For  a/b=1.4,  Dn  gradually 
decreases  as  L  is  increased  from  0  to  20  but  then  increases  to  a  localized  peak  at  L=24.  Beyond  the 
peak  at  L=24,  D„  for  a/b=1.4  decrecises  rapidly  with  increasing  L  from  L=26  to  34.  (The  eventual 
ill-conditioning  of  the  equations  prevented  accurate  solutions  for  L  greater  than  34.)  For  a/b=1.5, 
D„  gradually  decreases  from  L=6  to  12  and  then  increases  to  form  a  localized  peak  at  L=20  before 
decreasing  with  increasing  L  from  L=22  to  32  before  apparently  rising  towards  a  second  peak  at 
L=34.  The  presence  of  the  localized  peaks  in  the  a/b=1.4  and  a/b=1.5  curves  (and  at  the  end  of 
the  a/b=1.3  curve)  are  an  indication  that  solution  convergence  is  not  necessarily  monotonic  and 
care  is  necessary  to  ensure  that  a  fully  converged  solution  has  been  attained.  L  should  be  increased 
beyond  the  last  of  any  significant  peaks  in  D„.  For  a,phere  =  4.0  and  a/b=1.5,  an  L  value  much 
greater  than  34  is  needed  to  obtain  an  accurate  solution. 

Figure  7  shows  convergence  calculations  for  the  same  arrangement  as  Fig.  6,  but  for  a  larger 
equal  volume  sphere  size  parameter  of  Osphere  =  8.0.  The  general  features  of  Figs.  6  and  7  are 
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similar.  Larger  size  parameters  require  a  larger  value  of  L  to  obtain  the  same  degree  of  convergence 
and  the  curves  of  Fig.  7  are  roughly  shifted  to  the  right  by  an  increment  of  AL=6  in  comparison 
with  the  corresponding  curves  of  Fig.  6.  In  Fig.  7,  the  localized  peak  in  the  a/b=1.4  curve  occurs 
at  L=3‘2  and  the  peak  in  the  a/b=1.5  curve  occurs  at  L=26.  The  peak  in  the  a/b=1.3  curve  has 
apparently  shifted  off  the  graph  to  an  L  value  greater  than  34.  For  Oaphere  =  8-0  and  a/b=1.4  and 
a/b=1..5.  L  values  much  greater  than  34  are  needed  to  obtain  an  accurate  solution. 
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VI.  TIGHTLY  FOCUSED  BEAM  ON  AN  OBLATE  SPHEROID 


In  order  to  demonstrate  the  ability  to  determine  the  electromagnetic  fields  for  a  focused  beam 
incident  upon  a  nonspherical  particle,  calculations  were  performed  for  a  tightly-focused  beam  inci¬ 
dent  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2,  a  =  15.0,  and  n  =  1.3  -|-  O.Oli.  For  the  oblate 
spheroid,  the  major  semiaxis  (a)  is  used  as  the  characteristic  radius  (a).  The  angle  of  incidence 
(Obj)  was  held  at  0°  and  the  incident  electric  field  polarization  was  in  the  x-z  plane  (06^  =  0°). 
Figure  8  shows  the  internal  normalized  source  function  distribution  in  the  x-z  plane  for  an  incident 
plane  wave  (wq  =>  oo).  Only  the  internal  field  distribution  is  presented  (the  near-field  values  were 
artificially  set  to  zero)  so  as  to  clearly  show  the  nonspherical  shape  of  the  particle. 

Figure  9  is  for  the  same  conditions  as  Fig.  8,  but  instead  of  plane  wave  incidence,  a  beam  (rho  = 
0.667)  is  focused  at  the  center  of  the  particle  (io  =  j/o  =  =  0.0).  The  normalized  source  function 

distribution  for  beam  illumination  is  distinctly  different  than  that  for  plane  wave  illumination,  as 
can  be  seen  by  comparing  Figs.  8  and  9.  Figure  10  is  for  the  same  incident  beam  conditions  as  Fig. 
9,  except  that  the  focal  point  of  the  beam  has  been  moved  up  the  x-axis  to  a  position  halfway  along 
the  major  axis  of  the  oblate  spheroid  (xq  =  0.5,  j/o  =  =  0.0).  Figure  11  shows  the  normalized 

source  function  distribution  with  the  beam  focused  at  the  edge  of  the  particle  (xq  =  1.0,  yo  = 

=  0.0). 
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VII.  EFFECTS  OF  SURFACE  DEFORMATION  AT  RESONANCE 

The  beam  incident  upon  an  arbitrarily-shaped  particle  theory  permits  electromagnetic  field 
determinations  for  particles  of  irregular  geometry.  As  an  example  of  an  application,  the  axisym- 
metric  theory  of  Sec.  III.  was  used  to  investigate  the  effect  of  a  surface  deformation  on  resonance 
excitation  within  an  otherwise  spherical  particle.  (The  effect  of  focal  point  positioning  on  reso¬ 
nance  excitation  was  investigated  in  Ref.  34.)  The  particle  is  assumed  spherical  except  for  an 
axisymmetric  surface  deformation  located  within  the  polar  angle  interval  wjS  <  &  <  3x/8: 


f(6)  = 


r 


< 


V. 


1  for  ^  <  x/S 

I +  i/2{l  +  cos[8(S  -  tt/S)  -  j-])  for  tt/S  <  6  <  3r/8 
1  for  >  3t/8 


(59) 


The  height  of  the  deformation,  c,  can  be  either  positive  (protrusion),  negative  (depression),  or  zero 
(perfect  sphere).  Plane  wave  illumination  with  a0°  angle  of  incidence  is  assumed  which  provides  a 
degenerate  condition  such  that  all  series  coefficients  except  m  =  ±1  are  identically  zero.  In  addition, 
the  m  =  ±1  terms  can  bo  combined  so  that  the  double  summation  electromagnetic  field  component 
expressions  of  Eqs.  (1)-(12)  reduce  to  single  summation  expressions  over  the  radial  index, 

L 

E’  (60) 

with  the  associated  single  index  series  coefficients;  ai,6|,ci,di. 

Assuming  an  index  of  refraction  of  n  =  1.334  -t-  1.2xl0~®i  (0.5145  fim  wavelength  argon-ion 
laser  incident  upon  water),^^  a  spherical  particle  resonance  was  located.  The  resonance  chosen 
was  the  34th  mode,  1st  order  magnetic  wave  (TE  mode)  resonance  which  occurs  at  a  =  29.285. 
At  this  size  parameter,  the  magnitude  of  the  34th  radial  index  magnetic  wave  internal  field  series 
coefficient  (|d3<|)  attains  a  peak  value,  as  shown  in  Fig.  12. 

The  effect  of  a  surface  deformation  on  the  excitation  of  this  resonance  was  investigated  by 
determining  as  a  function  of  f  and  a.  In  Fig.  13, 1^34 1  is  plotted  versus  size  parameter  for  e  = 
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0.00,  ±0.01,  and  ±0.02,  and  in  Fig.  14,  is  plotted  versus  size  parameter  for  e  =  0.00  and  ±0.05. 
As  can  be  seen  in  Figs.  13  and  14,  the  presence  of  the  surface  deformation  shifts  the  resonance 
to  smaller  size  parameters  for  protrusions  (c  >  0)  and  to  larger  size  parameters  for  depressions 
(c  <  0).  Surface  deformations  also  decrease  tl  i  quality  of  the  resonance  with  protrusions  (e  >  0) 
having  a  greater  effect  than  depressions  (<  <  0)  (for  these  particular  conditions). 

For  smdl  deformations,  (c |  <  0.02,  resonance  is  apparently  retained  when  the  circumference  of 
the  deformed  particle  matches  the  circumference  of  the  corresponding  resonant  spherical  particle. 
This  observation  is  illustrated  by  the  results  presented  in  Table  III. 
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VII.  CONCLUSION 


A  theoretical  procedure,  utilizing  the  boundary  matching  method,  has  been  developed  for 
the  determination  of  the  internal  and  external  electromagnetic  fields  for  a  monochromatic  beam 
incident  upon  a  homogeneous  particle  of  arbitrarily-defined  shape.  The  procedure  is  apparently 
best-suited  for  the  analysis  of  near-spherical  particles  and,  for  example,  could  be  used  to  analyze 
laser  beams  interactions  with  liquid  droplets  that  have  been  slightly  distorted  in  shape  due  to 
cierodynamic,  thermal,  or  electromagnetic  stresses. 
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TABLE  1.  Comparison  between  results  of  the  boundary  matching  method  solution  and  the  results  of 
a  spheroidal  function  expansion  solution  as  taken  from  Oguchi.“  Forward  and  backwau'd  scattering 
functions  for  a  plane  wave  incident  upon  an  oblate  spheroid  with  “horizontal”  polarization.  (Aex< 
=  8.612  mm,  n  =  5.048  +  2.794i,  =  90°,  4>kd  =  90°. ) 


Major 

Semiaxis 

[mm] 

Major  to 
Minor 
Axis 
Ratio 

fy  X  10^[mm] 
forward 
backward 

(f'‘)*  X  10^  [mm] 
Oguchi“ 
forward 
backward 

0.2519 

1.024 

0.008271+0.00095971 

0.007954+0.00037551 

0.008273+0.00095961 

0.007956+0.00037511 

0.5078 

1.048 

0.07051+0.019851 

0.06735-0.0024931 

0.07049+0.019841 

0.06734-6.0024961 

0.7679 

1.073 

0.2176+0.12491 

0.2735+0.0074581 

0.2175+0.12471 

0.2733+0.0074401 

1.032 

1.100 

0.4106+0.40911 

06117+0.20191 

0.4107+0.40931 

0.6119+0.20211 

1.301 

1.128 

0.4732+0.8716! 

0.7985+0.54111 

0.4732+0.87181 

0.7986+0.541311 

1.575 

1.158 

0.3924+1.3111 

0.7638+0.74801 

0.3924+1.3111 

0.7639+0.74811 

1.854 

1.190 

0.3344+1.6891 

0.5962+0.6882i 

0.3346+1.6881 

0.5964+0.68821 

2.138 

1.223 

0.3682+2.1311 

0.3661+0.33231 

0.3685+2.1321 

0.3659+0.33151 

2.428 

1.258 

0.3917+2.7321 

0.1797-0.28091 

0.3920+2.7331 

0.1796-0.28211 

2.724 

1.295 

0.2987+3.4061 

0.1344-0.93981 

0.2989+3.4071 

0.1344-0.94131 

“See  Ref.  6. 
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TABLE  II.  Comparison  between  results  of  the  boundary  matching  method  solution  and  the  results 
of  a  spheroidal  function  expansion  solution  as  taken  from  Oguchi.®  Forward  and  backward  scattering 
functions  for  a  plane  w'ave  incident  upon  an  oblate  spheroid  with  “vertical”  polarization.  (Xext  = 
8.612  mm,  n  =  .5.048  +  2.794i,  dtd  —  90°,  4>bd  =  0°.) 


Major 

Semiaxis 

[mm] 

Major  to 
Minor 
Axis 
Ratio 

fjxl0^[mm] 

forward 

backward 

(P)*xl0^[mm] 

Oguchi® 

forward 

backward 

0.2519 

1.024 

0.008048+0.00091651 

0.007736+0.00034651 

0.008055+0.00091761 

0.007743+0.00034691 

0.5078 

1.048 

0.06667+0.018371 

0.06333-0.0029361 

0.06667+0.018371 

0.06335-0.0029371 

0.7679 

1.073 

0.1988+0.11141 

0.2485-0.0019411 

0.1986+0.11121 

0.2483-0.0019881 

1.032 

1. 100 

0.3696+0.33781 

0.5560+0.13631 

0.3696+0.33791 

0.5561+0.13631 

1.301 

1.128 

0.4707+0.70021 

0.7715+0.38951 

0.4706+0.69981 

0.7715+0.38911 

1.575 

1.158 

0.4740+1.0731 

0.8102+0.56901 

0.4740+1.0721 

0.8104  +0.56881 

1.854 

1.190 

0.4765+1.3961 

0.6986+0.56091 

0.4761+1.3971 

0.6991+0.56091 

2.138 

1.223 

0.5553+1.7301 

0.4695+0.33441 

0.5545+1.7301 

0.4699+0.33421 

2.428 

1.258 

0.6870+2.1521 

0.1712-0.0099871 

0.6863+2.1541 

0.1732-0.098831 

2.724 

1.295 

0.7969+  2.6701 
-0.1008-0.64291 

0.7930+2.6701 

-0.09991-0.64201 

“See  Ref.  6. 


28 


TABLE  III.  Circumference  (in  units  of  Ae^t)  for  sphericcd  particle  with  surface  deformation  at  the 
34th,  1st  order  magnetic  wave  resonance  for  c  =  0.00,  ±0.01,  and  ±0.02.  n  =  1.334  ±  1.2x  10“®i. 


FIGURE  TITLES 


FIG  1.  Geometrical  arrangement  for  beam  incident  upon  an  arbitrarily-shaped  particle  analysis. 
The  beam  propagates  parallel  to  the  x-z  plane. 

FIG  2.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  30°  angle  of  incidence  plane 
wave  incident  upon  a  centered  sphere,  a  =  8.0,  h  =  1.2  -)-  0.02i,  Wo  =  oo  (plane  wave),  =  30°, 
and  4n,ci  =  90°. 

FIG  3.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  30°  angle  of  incidence  plane 
wave  incident  upon  a  sphere  displaced  along  the  z-axis  by  Ai  =  -t-0.25.  q  =  8.0,  h  =  1.2  -t-  0.02i, 
!L'o  =  oc  (plane  wave),  6^  —  30°,  and  <1)m  —  90°. 

FIG  4.  .Normalized  source  function  distribution  in  the  x-z  plane  for  a  30°  angle  of  incidence  plane 
wave  incident  upon  a  centered  sphere,  a  =  2.0,  h  =  1.2  -t-  0.02i,  Wo  =  oo  (plane  wave).  On  =  30°, 
and  0hd  =  90°. 

FIG  5.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  30°  angle  of  incidence  plane 
wave  incident  upon  a  sphere  displaced  along  the  .x-axis  by  Ax  =  -fO.lO.  q  =  2.0,  h  =  1.2  4-  0.02i. 
tZ'o  =  ^  (plane  wave),  0t,d  =  30°,  and  4>bd  =  90°. 

FIG  6.  .•\verage  deviation  of  normal  electromagnetic  field  components  across  surface  of  equal  volume 
prolate  spheroids  as  a  function  of  L  and  axis  ratio.  Qsphere  —  4.0,  n  =  1.33  +  O.OOi,  iho  ^  (plane 
wave),  Obd  =  30°,  and  0^  =  0°- 

FIG  7.  .\verage  deviation  of  normal  electromagnetic  field  components  across  surface  of  equal  volume 
prolate  spheroids  as  a  function  of  L  and  axis  ratio.  Ojphere  =  8.0,  h  —  1.33  -f  O.OOi,  iZ’o  =>  oo  (plane 
wave),  Obd  -  30°.  and  0bd  =  0°. 

FIG  8.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0°  angle  of  incidence 
plane  wave  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  a  =  15.0,  h  =  1.33  -f  O.OOi, 
Wo  =>  00  (plane  wave),  Obd  =  0°,  and  0bd  -  0°. 

FIG  9.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0°  angle  of  incidence 
focused  beam  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  On-center  focal  point 
positioning,  q  =  15.0,  h  =  1.33  -f-  O.OOi,  wq  =  0.667,  xq  =  yo  =  =  0.0,  Obd  =  0°,  and  <t>bd  =  0°. 
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FIG  10.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0°  angle  of  incidence 
focused  beam  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  Mid-axis  focal  point 

positioning,  a  =  15.0,  n  =  1.33  -f  O.OOi,  Wq  =  0.667,  xq  =  0.5,  yo  =  =  0.0,  9bd  —  0°,  and  = 

0°. 

FIG  11.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0°  angle  of  incidence 
focused  beam  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  On-edge  focal  point 

positioning,  a  -  15.0,  h  =  1.33  +  O.OOi,  wo  —  0.667,  xq  =  1.0,  j/o  =  2o  =  0.0,  Ofd  =  0°,  and  <^i,d  - 

0”. 

FIG  12.  1^34!  versus  a  for  a  spherical  particle  (c  =  0.00).  h  =  1.334  -I-  1.2xl0“®i. 

FIG  13.  1^/34!  versus  o  for  spherical  particle  with  surface  deformations  of  e  =  0.00,  ±0.01,  and 
±0.02.  n  =  1.334  ±  1.2xl0-®i. 

FIG  14.  1^34!  versus  o  for  spherical  particle  with  surface  deformations  of  c  =  0.00  and  ±0.05.  h  = 
1.334  ±  1.2xl0”^i. 
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FIG  1.  Geometrical  arrangement  for  beam  incident  upon  an  arbitrarily-shaped  particle  analysis. 
The  beam  propagates  parallel  to  the  x-z  plane. 
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FIG  3.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  30°  angle  of  incidence  plane 
wave  incident  upon  a  sphere  displaced  along  the  z-axis  by  Ai  =  +0.25.  a  =  8.0,  n  =  1.2  +  0.02i, 
wq  =  00  (plane  wave),  06d  =  30°,  and  =  110°. 


FIG  4.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  30°  angle  of  incidence  plane 
wave  incident  upon  a  centered  sphere,  a  =  2.0,  n  =  1.2  +  0.02i,  uio  =  oo  (plane  wave),  6bd  =  30°, 
and  (t>bd  -  00°. 
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FIG  5.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  30°  angle  of  incidence  plane 
wave  incident  upon  a  sphere  displaced  along  the  x-axis  by  Ax  =  +0.10.  a  =  2.0,  n  =  1.2  +  0.02i, 
Wo  =  <X)  (plane  wave),  9t,d  =  30°,  and  =  90°. 
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FIG  6.  Average  deviation  of  normal  electromagnetic  field  components  across  surface  of  equal  volume 
prolate  spheroids  as  a  function  of  L  and  axis  ratio.  Qsphere  =  4.0,  n  =  1.33  +  O.OOi,  wq  ^  oo  (plane 
wave),  Obd  =  30°,  and  <i>bd  =  0°. 
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FIG  7 .  .Average  deviation  of  normal  electromagnetic  field  components  across  surface  of  equal  volume 
prolate  spheroids  as  a  function  of  L  and  axis  ratio,  o.phere  =  8.0,  n  =  1.33  +  O.OOi,  tZ>o  =>•  oo  (plane 
wave),  =  .30®,  and  =  0®. 
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:  FIG  8.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0°  angle  of  incidence 

plane  wave  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  a  =  15.0,  n  =  1.33  +  O.OOi, 
lio  =>  00  (plane  wave),  6td  =  0®,  and  (t>hd  =  0®. 
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FIG  9.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0°  angle  of  incidence 
focused  beam  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  On-center  focal  point 
positioning,  a  =  15.0,  ft  =  1.33  +  O.OOi,  Wq  =  0.667,  xq  =  yg  =  zq  =  0.0,  0i,d  =  0®,  and  4>i,d  =  0°. 


FIG  10.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0°  angle  of  incidence 
focused  beam  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  Mid-axis  focal  point 
positioning,  o  =  15.0,  n  =  1.33  +  O.OOi,  iDo  =  0.667,  xq  =  0.5,  yo  =  zq  =  0.0,  =  0°,  and  4>bd  = 

0°. 
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FIG  1 1 .  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0°  angle  of  incidence 
focused  beam  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  On-edge  focal  point 
positioning,  q  =  15.0,  n  =  1.33-1-  O.OOi,  wo  =  0.667,  xq  =  1.0,  yo  =  zo  =  0.0,  Om  =  and  4>bd  = 


FIG  12.  |d34|  versus  q  for  a  spherical  particle  (c  =  0.00).  n  =  1.334  +  1.2xl0“®i. 
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FIG  13.  versus  o  for  spherical  particle  with  surface  deformations  of  c  =  0.00,  ±0.01,  and 

±0.02.  h  =  1.334  ±  1.2xl0-®i. 
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FIG  14.  |cl34|  versus  a  for  spherical  particle  with  surface  deformations  of  c  =  0.00  and  ±0.05.  n  = 
1.334  ±  1.2xl0-®i. 
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Abstract 

A  theoretical  model  has  been  developed  for  the  coherent  imaging  of  a  spherical  aerosol  particle 
illuminated  by  an  off-axis  incident  plane  wave.  The  modeling  technique  makes  use  of  the  arbitrarj’ 
beam  theory,  presented  by  the  authors  in  an  earlier  paper,  to  calculate  the  external  electromagnetic 
field  resulting  from  the  laser/aerosol  interaction.  Scalar  diffraction  theory  is  used  to  propagate  the 
dominant  electric  field  component  through  the  imaging  lens  and  to  the  image  plane.  Demonstration 
calculations  have  been  presented  for  both  opaque  and  transparent  particles  ranging  in  size  from  10 
to  40  pm  in  diameter  illuminated  by  off-axis  A  w  0.5  pm  incident  radiation. 
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1.  Introduction 


Effects  of  off-axis  light  scattering  by  spherical  aerosol  particles  arise  in  a  variety  of  situations 
involving  both  the  linear  and  nonlinear  laser  interaction  with  aerosol  particles.  [1,2, 3, 4, 5, 6]  Recent 
investigations  in  the  area  of  linear  aerosol  scattering  has  focused  on  the  obser\’ation  and  prediction 
of  glare  spots  resulting  from  the  off-axis  laser/aerosol  interaction.  [1,2]  The  theoretical  develop¬ 
ments  utilized  in  these  analyses  have  used  both  classical  Lorenz-Mie  theory  [7,8]  and  geometrical 
optics.  Off-axis  scattering  also  has  important  implications  to  nonlinear  laser/aerosol  interaction 
studies.  [4,5,6]  For  example,  when  performing  imaging  studies  of  the  aerosol  breakup  dynamics 
resulting  from  high  energy  laser  illumination,  the  experimental  apparatus  is  arranged  such  that 
the  imaging  system  axis  and  the  high  energy  laser  axis  are  not  coincident  (usually  perpendicular). 
Thus,  any  elastically  scattered  light  resulting  from  the  high  energy  laser,  which  may  reach  the 
recording  medium,  can  be  considered  as  an  off-axis  contribution  to  the  total  aerosol  image.  Devel¬ 
opment  of  a  theoretical  model  of  the  off-axis  image  contribution  would  provide  a  valuable  tool  in 
better  understanding  both  linear  and  nonlinear  laser/aerosol  interaction  processes. 

One  method  to  model  the  off-axis  aerosol  image  formation  would  involve  the  use  of  clas¬ 
sical  Lorenz-Mie  theory  [7,8]  to  calculate  the  external  electromagnetic  field  resulting  from  the 
laser/aerosol  interaction.  The  subsequent  propagation  of  the  field  through  the  optical  compo¬ 
nents  of  the  imaging  system  coiild  be  accomplished  using  a  scalar  lens  transformation  and  the 
Huygens-Fresnel  propagation  equation.  [9]  This  modeling  approach  would  require  evaluation  of  a 
two-dimensional  integral  over  the  entrance  aperture  of  the  imaging  system  and  also  requires  storage 
of  the  electric  field  component  terms  within  the  aperture. 

In  this  paper,  we  present  an  alternative  theoretical  approach  which  will  allow  calculation  of  the 
expected  aerosol  image  due  to  off-axis  illumination  of  a  spherical  particle  by  an  incident  plane  wave. 
This  alternative  technique  makes  use  of  scalar  diffraction  theory  in  conjunction  with  the  arbitrary' 
beam  theory,  presented  by  the  authors  in  an  earlier  paper.  [10]  The  theoretical  development  places 
no  restrictions  on  the  optical  properties  of  the  particle  or  on  the  allowable  degree  or  direction  of 
aerosol  defocus  within  the  imaging  system.  Evaluation  of  the  final  expression  w-ill  involve  numerical 
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computation  of  a  one-dimensional  integral  over  the  radius  of  the  imaging  system  aperture.  In 
addition,  storage  of  the  electric  field  component  expressions  at  points  within  the  aperture  is  not 
required.  This  development  would  be  the  preferred  technique  for  situations  in  which  the  number 
of  observation  points  is  relatively  small  or  in  which  computer  storage  is  a  L'miting  factor. 

2.  Theoretical  Development 

The  geometry  under  consideration  for  the  off-axis  imaging  development  is  shown  in  Fig.  1.  In 
this  arrangement,  a  plane  wave  propagating  in  the  -t-z'  direction,  is  incident  on  a  spherical  absorbing 
particle  located  on  the  imaging  system  axis  (z  axis)  at  plane  zq  (ima^ng  system  focal  plane).  The 
direction  of  propagation  of  the  incident  plane  wave  makes  an  angle,  Of  with  respect  to  the  imaging 
system  axis.  The  polarization  of  the  incident  field  is  taken  in  either  the  x'  (referred  to  as  the 
perpendicular  polarization  case)  or  y'  (parallel  polarization  case)  direction.  It  should  be  noted 
that  these  two  fundamental  solutions  provide  the  basis  for  treatment  of  incident  fields  possessing 
a  more  complex  state  of  polarization  (e.g.,  an  elliptical  polarized  incident  field).  The  external 
field  resulting  from  the  laser/aerosol  interaction  is  collected  by  an  aperture/lens  combination  and 
projected  to  the  image  plane  (plane  zs)  of  the  system.  The  modeling  approach  to  be  presented  can 
be  viewed  as  a  hybrid  technique,  with  the  laser/aerosol  interaction  being  examined  from  a  vector 
viewpoint,  while  the  propagation  of  the  electric  field  through  the  imaging  system  is  examined  using 
a  scalar  development. 

^^e  begin  by  seeking  an  expression  relating  the  electric  field  in  the  image  plane  (plane  z^)  to  the 
field  present  at  the  rear  lens  surface  (plane  Z2)-  .\ccording  to  Goodman,  [9]  provided  the  distance 
Z32  satisfies  the  relation, 

‘32  =  (•^3  -  zjf  »  ^[(^3  -  ^2)*  +  (^3  -  y2)^]Lx*  (1) 

the  electric  field  in  plane  za  can  be  expressed  in  terms  of  the  electric  field  distribution  in  plane  zj 
through  use  of  the  Fresnel  approximation  to  the  Huygens- Fresnel  equation, 

^^3(13, 1/3)  =  J  J^E2{x2,y2)expl^-^^^(x3- X2)^ +  iy3-y7)^^^dx2dy3.  (2) 
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Here,  k  =  2jr/A  where  A  is  the  wavelength  of  the  incident  light,  and  the  single  numerical  subscripts 
denote  the  z  =  constant  plane  in  which  the  particular  quantity  is  evaluated,  (e.g.,  represents 
the  electric  field  evaluated  in  plane  zj.)  In  using  scalar  theory  to  relate  the  respective  electric  field 
components,  one  is  neglecting  the  coupling  of  the  electric  and  magnetic  fields  through  Maxwell’s 
equations.  Thus,  the  final  result  will  provide  an  approximate  solution  to  the  actual  physical 
problem.  Transforming  to  spherical  coordinates,  Eq.  (2)  can  be  expressed  in  nondiroensional  form 


(denoted  by  superscript  tilde)  as. 


E3{h,<i>3)  =  P  rf(h)exp 

Jo  ZZz2 

f2ie  _  r  _ 

X  /  E(fi,<^i)exp  -  cos{4>i  -  (l>z)  d(i>idfi,  (3) 

Jo 

where  represents  the  dominant  electric  field  component  at  the  front  lens  surface  (plane  zi), 
T  represents  an  angular  independent  phase  transformation  relating  the  electric  field  across  the 


imaging  lens, 


P  = 


a  exp(tQf32)  ex-p{iafl/2z22) 
2i:iz32  ' 


0  =  (5) 

h2 

The  quantity  o  =  277a  JX  is  the  dimensionless  size  parameter  representing  the  ratio  of  the  circumfer¬ 
ence  of  the  droplet  to  the  incident  wavelength.  In  the  above  equations,  fj  is  expressed  as  a  function 
of  fi  due  to  refraction  of  the  light  which  occurs  through  the  imaging  lens.  All  spatial  variables  are 
normalized  by  the  particle  radius,  while  the  electric  field  expressions  have  been  normalized  by  the 
magnitude  of  the  incident  field. 

For  off-axis  imaging,  in  most  practical  situations,  the  incident  field  will  not  contribute  to  the 
image  formation  except  for  special  cases  when  the  angle  between  the  imaging  system  axis  and  the 
beam  propagation  axis  is  small  (i.e.,  6r  is  small).  Even  for  a  rather  large  incident  beam  of  10  mm 
in  diameter  along  with  an  aperture  diameter  of  5  mm  and  lens  focal  length  of  50  mm,  the  incident 
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field  would  be  insignificant  for  incident  angles  greater  than  about  15  degrees.  Therefore,  in  the 
following  development  it  will  be  assumed  that  the  scattered  field  components  provide  the  dominant 
contribution  to  the  off-axis  image  formation. 

E  field  polarized  perpendicular  to  y  —  z  plane 

Referring  to  Fig.  1,  the  incident  electric  field  for  the  perpendicular  polarization  case  can  be 
expressed  as, 

X£(.nc)  ^  exp(tai')»',  (6) 

where  the  time  dependence  of  exp(— lu-'t)  has  been  omitted.  For  an  incident  field  polarized  in 
the  X  direction,  one  can  show  through  direct  calculation  that  the  dominant  scattered  electric 
field  component  for  points  near  the  y  —  z  plane  will  also  be  in  the  x  direction.  In  fact,  for 
observation  points  contained  within  the  y  —  z  plane,  the  only  non-zero  electric  field  component 
is  in  the  x  direction.  The  error  introduced  by  neglecting  the  non-dominant  field  compoiients  will 
be  related  primarily  to  the  lens  focal  length  and  the  finite  size  of  the  collection  aperture.  Other 
parameters  which  also  influence  the  magnitude  of  the  respective  electric  field  components  are  the 
size  parameter,  optical  properties  of  the  aerosol,  and  the  incident  beam  angle.  For  the  cases  to 
be  presented  in  this  paper,  the  average  of  the  dominant  electric  field  component  was  found  to  be 
between  one  and  two  orders  of  magnitude  larger  than  the  average  of  the  non-dominant  components. 
Accepting  that  the  aerosol  image,  for  perpendicular  incident  polarization,  can  be  expressed  in  terms 
of  the  z-component  of  the  electric  field,  the  term  Ei  in  Eq.  (3)  can  be  rewritten  in  terms  of  spherical 
components, 

Ei{pio,0,4>i)  =  £’^’“>(pio,tf,<^i)sin<>cosd>j  -|- .E^*“^(pio,^,<^i)cos0 cos(;Ji 

The  phi  angles  are  measured  with  respect  to  the  +z  axis  in  the  direction  of  the  -}-y  axis  and  range 
from  0  to  2t.  The  only  requirement  in  the  determination  of  the  electric  field  components  shown 
in  the  above  equation  is  that  the  radial  components  of  the  incident  electric  and  magnetic  fields  be 
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known  over  the  particle  surface.  [10]  Substituting  Eq.  (7)  along  with  the  exact  series  expressions 
for  the  dimensionless  scattered  electric  field  components  (see  Ref.  [10])  into  the  angular  integral  of 


Eq.  (3),  denoted  hy  gives, 


r\os<i>iexp(imM 

V  ^10  /  JO 

X  exp[-t4cos(<^  -  ^)]d<t>i  +  ^  Y2  (qPio)(-  sintf) 

X  Fir.  (cos  6)  -  m6,„f|‘\Qpio)/imP’/'"’(cos  e)/  sin  tf] 

X  /  cos<;l>iexp(im<^i)exp[-i,3cos((;!ii  -  (;i3)]d<^i  -  {  — )  ^  ^  imairr, 
Jo  VPio/ 

X  (\^^'(Qpio)Fi,.Pl”'\cose)/sin6-  ibi,.(j^\apw)F,rr,(- s\n0)Pl’"^' (cose) 

r'i^ 

X  /  sin<;l>i  exp(tmd>i)exp[-i;3cos(d>i  -  (;53)]d<^>i. 

Jq 


where, 


Flm  = 


2/  +  1(/-t7i)! 


(8) 


(9) 


An  (7+m)!’ 

In  the  above  equation,  P|l[^  is  the  associated  Legendre  function,  ^{l)  is  the  Hankel  function  of 
the  first  kind  which  is  related  to  the  Riccati- Bessel  function  (i.e.,  f|l)  =  ti';  -  ixi),  and  aim  and  bim 
are  the  externd  scattering  coefficients.  The  angular  integrals  shown  in  Eq.  (8)  can  be  evaluated 
exactly  using  the  following  derived  integral  relationships, 

r2r 


rcoh 


(?,<in)  =  /  cos<;i>jexp(jrn<;i>i)exp[-i,3cos((;!>i  -  (;i>3)]t/<;f>i 

Jo 

=  ’r(»)’"'"[-'^m+i(4)€xp(j<;b)+  •/m-i(^)exp(-i<fe)]exp(im<^). 


(10) 


and 


Fm(^^<h)  =  /  sin<^>i  exp(im<^i)exp[-i4cos(«;Ji  -  <^>3)]d<!^ 

Jo 

=  7r(0”‘(-l)’"+'[J„+,(4)exp(i<fe)  +  J„-i(3)exp(-r>3)]exp(im<;^),  (11) 

where  J  represents  the  integer  order  Bessel  function  of  the  first  kind.  The  — m  case  can  be  related 
to  the  +m  case  by, 

= /r*(4,<jb)(-i)"-\  (12) 


A 
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and 


nM<h)  ^  (13) 

where  the  superscript  asterisk  denotes  the  complex  conjugate.  Using  these  integral  relationships, 
Eq.  (8)  can  then  be  expressed  as, 

E  /(/+l)a/™fr^(ap,o)f/mP/"‘^(cose)CT,^) 

^  ^10  ^  (=1  m=-J 

+  U»n^r^Wio)-f/m(-sin^)p/”'l  (cos^)- mi/„ 

v  PlO  /  ,_J  L 

X  ^l^\Qpio)FimPl"‘\cos0)/sme  Y]  imai„, 

\PlO/  J_J  fn=-l  ■ 

(opio)EimP/’"l(cos^)/ sin®  -  »6;m^P\QPio)-f)m(-  sinS) 

X  p/"'>'(cosfl)]pr(4,<fe).  (14) 

Using  Eq.  (3),  the  electric  field  in  plane  zz  can  then  be  written, 

E2{h,4>z)  =  P  j  f(ri)exp  iaf2(fi)^/2l32  r2(ri)/,t,(pio,^,d>3)dri.  (15) 

*'0  , 

To  obtain  the  final  expression  for  the  intensity  distribution  in  the  image  plane,  the  thin  lens 
transformation  [9]  is  used  to  relate  the  electric  field  across  the  imaging  lens,  i.e., 

f'(ri)  =  exp(iQn;Ao)exp{»Qfi/2/),  (16) 

and 

^2(^1)  =  ^1.  (17) 

Here,  Aq  is  the  normalized  lens  thickness,  nj  is  the  index  of  refraction  of  the  lens,  and  /  is  the 
dimensionless  lens  focal  length.  Note  that  other,  more  sophisticated,  lens  descriptions  could  be 
incorporated  into  the  theoretical  development  presented.  The  only  restriction  is  that  the  effects 
I  of  the  lens  on  the  electric  field  be  axisymmetric.  For  the  thin  lens  description  to  qualify,  the 

'  I  variation  in  the  Fresnel  coefficients  in  the  angular  direction  have  been  neglected.  In  situations 

! 
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where  the  aperture  diameter  is  small  relative  to  the  lens  focal  length  this  turns  out  to  be  a  good 
approximation.  For  these  cases,  all  light  incident  on  the  imaging  lens  is  nearly  perpendicular  to  the 
lens  surfaces,  in  which  case  the  Fresnel  coefRcients  are  approximately  equal  for  both  polarization 
states.  Substituting  for  P  from  Eq.  (4)  and  using  the  thin  lens  expressions  given  above,  the  electric 
field  in  the  image  plane  can  be  written, 


■aexp(iQl32)exp(iaf§/2z32)l  r«  ftaf? 

f±  _  ni 

27rtZ32  Jo  2 

^  232  fJ\ 

E3{f3,<h)  = 

In  terms  of  intensity,  the  final  result  for  perpendicular  polarization  can  be  expressed  with  all  terms 
written  explicitly  as. 


'^h{f3,(!>3)  = 


X 

+ 

X 

X 


X 


^im^\^\Qho)Pi”'\cos 6)  1(0'"”* exp{im(i>2) ^  (;3) exp(j<;!)3) 


J„,.i0)exp{  i<l>2) 

/J  \  PlO  /  ,_j  L 

(-  sin (cose)  -  mbu\^\apM,nP^”'\cose)/s\ne^ 

exp(jTn<53) ^  -  Jm+i{P) exp(i<^>3)  +  Jm-iiP) exp(- j<^)^ I 
\  oo  i  r  , 

(=1  m=-(  *■ 

«^im^r’(QPio)(-sin^)F,„P/’">'(cos<?)][(ir(-ir+’exp(T-m<;S3) 

^^m+i(4)exp(jd>3)  +  J„_i{^)exp(-i<^i3)jj|df]j  . 


(19) 


E  field  polarized  parallel  to  the  y  —  z  plane 

The  case  for  parallel  polarization  can  be  handled  in  a  similar  manner  as  was  done  for  the 
perpendicular  polarization  Ccise.  Again  referring  to  Fig.  1,  the  incident  electric  field  now  takes  the 
form. 


=  -cxp(iQr')3'. 


(20) 
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In  this  case,  however,  the  i-component  of  the  scattered  electric  field  is  no  longer  the  dominant  field 
component.  For  the  parallel  polarization  case,  the  y-component  of  the  scattered  field  is  dominant 
for  all  Bf.  Therefore,  the  field  incident  on  the  lens  for  the  parallel  polarization  case  is. 


=  Ei”^Hpio,6,<f>i)sin6siQ4>i  +  El*‘^\pio,6,<t>i)cos6sin(l>i 

+  eI^‘°\pio,6,<1>i)cos4>i.  (21) 

Note  that  the  only  differences  in  the  expression  for  the  perpendicular  polarization  case  [Eq.  (7)] 
and  the  parallel  polarization  case  [Eq.  (21)]  is  the  interchanging  of  the  sin  <j)  and  cos  ^  terms,  along 
with  a  sign  change  on  the  <j>  component  of  the  expression.  Thus,  the  derivation  presented  in  the 
previous  section  for  the  perpendicular  polarization  case  would  proceed  in  a  manner  identical  to 
the  parallel  polarization  case,  with  the  exception  of  switching  the  terms  and 

and  incorporating  a  sign  change  on  the  4>  component  of  the  final  expression.  The  intensity  in  the 
image  plane  for  parallel  incident  polarization  can  then  be  written, 

X  F,,,,(''’(Qp,o)/’/'”^(cose)[(tO”(-l)”‘+'exp(m<;^)(j,n+i(^)exp(f^3) 

+  </m-i(/3)exp(-j<;:^)']]  +  [^4^) 

X  (-  sin  (cos  B)  -  Tn6;,„fp\Qpio)/7m-P/”*\cos  B)/  sin  B 

X  ^(j)'"(-l)"’+^exp(im<;i^)^J,„+i(/9)exp(:(fe)  + 

-  sin  <?)F,„P/’">'(cos  <?)]  [(.y-”*  (  -  (4) 

X  exp(i03)  +  Jm-i0)exp(-t<h)^  cxp(im<fe)j  jdfi  j  .  (22) 

2.1  Scattering  Coefficient  Simplification 

In  order  to  numerically  evaluate  Eqs.  (19)  and  (22),  the  scattering  coefficients  a/m  and  h/m 
must  first  be  determined.  As  presented  in  Ref.  [10],  this  involves  the  numerical  evaluation  of 
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the  incident  field  coefficients  which  are  expressed  in  terms  of  the  two-dimensional  surface  integrals 
shown  below, 

(23) 

For  the  most  general  case,  these  surface  integrals  require  substantial  amounts  of  computation 
time.  Fortunately,  one  can  show  that  these  two-dimensional  integrals  can  be  reduced  to  a  single 
one-dimensional  line  integral  for  the  case  of  a  plane  wave  incident  at  an  arbitrary  angle  on  a 
spherical  droplet. 


E  field  polarized  perpendicular  to  y  —  z  plane 

Referring  again  to  Fig.  1,  a  plane  wave  propagating  in  the  -t-z'  direction  with  polarization  in 
the  X  direction  (perpendicular  to  y  -  z  plane)  is  incident  at  an  angle,  &t  with  respect  to  the  imaging 
system  axis.  Mathematically,  the  incident  plane  wave  can  be  expressed  in  its  time  independent 
form  as, 

■^£('’‘^)  =  exp(i'QzOi',  (25) 

and 

=exp(mz')i'.  (26) 

Noting  that  the  primed  and  unprimed  coordinate  systems  can  be  related  by, 


y'  =  ycos^r  +  zsinffr, 

(27) 

and 

z'  =  z  cos  Br  —  y  sin  9^, 

(28) 

the  incident  field  can  be  written, 

-‘•£^'’“=)(y,  z)  =  exp[tQ(zcostfr  -  ysinfl,)]i, 

(29) 
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and 

i)  =  exp[ia(icosffr  -  ysinffr)][cos&rJ  +  sin^r^]-  (30) 

As  discussed  earlier,  to  determine  the  incident  field  coefficients  using  the  arbitrary  beam  theory, 
the  radial  components  of  the  electric  and  magnetic  fields  must  be  knoT\'n  at  all  points  on  the  surface 
of  the  particle  under  consideration.  The  expressions  for  the  incident  electromagnetic  field  can  be 
transformed  to  spherical  coordinates  by  using  the  relationships. 


p  sin  6  sin  4>, 

(31) 

p  cos  d. 

(32) 

Ax  sin  6  cos  -1-  Ay  sin  sin  (^  +  A^  cos  9, 

(33) 

where  A  may  represent  either  the  electric  or  magnetic  field.  The  incident  electric  and  magnetic 
field  components  can  then  be  written, 

^  =  exp[iap(cosScosSr)]exp[-top(sintfsinP,  sin<p)] 

X  sin  S  cos  (34) 


and 


^ =  exp[iQp(cos0cos  0r)]exp[-mp(sin0  sin^r  sin  di) 
X  (sin  ^cos^r  sin(^  +  costf  sin^r)]- 


(35) 


Expressing  the  off-axis  incident  plane  wave  in  terms  of  the  imaging  system  coordinates  is  required 
if  one  is  to  analytically  integrate  the  phi  dependence  in  the  Fresnel  propagation  equation,  [Eq.  (8)]. 
The  incident  field  coefficient  expression  given  by  Eq.  (23)  then  becomes, 


\  ,  .  /  exp(iQpcosflcos0,)sin^F/TOF/'"^(cosfi)sin5 
H*  +  1)V’/(Q’)  Jo 

X  J  cos  0  exp(— iop sin  9  sin  Br  sin  d>)  exp{-im<l>)d<j>dB. 
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Using  Eqs.  (10)-(13),  the  phi  integral  can  be  evaluated  exactly  giving  the  final  result, 

X  .  ^  2xm(-iy-”»  121  +  1 

/(/ +  1)V’/(q)  y  4r  (1  + Tn)!asintf, 

X  f  exp(jQ  cos cos d,)p/'”^(costf)  sin ^Jm(o  sin  sin  (•^") 

Jo 

where,  p  =  1  on  the  sphere  surface.  Note  that  6)  is  equi\'alent  to  the  spherical 

harmonics  function,  YimiB,4>)  evaluated  at  ^  =  0. 

For  ^Bimi  the  simplification  procedure  is  similar, 

1 

^Btm  =  /  exp(ia  cose  COS  Or) 

+  l)ipi{a)  Jo 

X  |y  exp(— jQsinffsintfrSind')sintfcos^rsind>sintf 

r2r 

X  F(mP/’"(cosd)exp(-imd>)d(^+  /  exp{-iQsmes\o9rSm(^) 

Jo 

X  coses\-oersmeFimPi^{cose)ex-p{-im4>)d(^)^de.  (38) 

In  this  case,  there  are  two  phi  integrals  which  can  again  be  evaluated  exactly  using  Eqs.  (10)-(13) 


to  yield  the  final  result, 


In  ''  + 1  (f  —  m)!  / •  . 

Btm  =  T7rr~{\  I  /  \\  ~4 — TT, - Ti  /  exp(rQ  COS?cos^r) 

/(/ +  l)ti’((a)  V  4jr  (/  +  m)!yo 

X  sin  0P/'"*(cosd)|  cos^r  sin® ^Jm+i(asintf  sin^r) 

-  Jm-i(Qsin0sintfr)^j +costfsin0r^2Jm(Qsin^sin^r)(-l)”*j|d^-  (39) 

The  negative  m  terms  in  Eqs.  (37)  and  (39)  can  be  related  to  the  positive  m  terms  by  using  the 
relations,  F,._,„p/-'">(cos ^)  =  (-l)'"F,,„p/’">(cos<l)  [11]  and  J_„(7)  =  (-l)™^m(7)  [12],  giving 

=  -(■'^l/.-m),  (40) 

=  ^Bi,.„,,  (41) 


=  0, 

^B,,o  #  0. 


f 


E  field  polarized  parallel  to  y  —  z  plane 

Referring  again  to  Fig.  1,  an  incident  plane  wave  polarized  parallel  to  the  y  —  z  plane  can  be 


expressed  as. 


and 


=  -  exp(tQz')i', 


(44) 


Wffiinc)  ^  exp(iaz')»'-  (^5) 

Comparing  the  incident  field  descriptions  given  by  Eqs.  (25)  and  (26)  for  the  perpendicular  polar¬ 
ization  case,  to  Eqs.  (44)  and  (45)  for  the  parallel  polarization  case,  one  observes  that  the  electric 
and  magnetic  field  description  have  been  transposed  with  a  corresponding  sign  change  in  the  elec¬ 
tric  field  term.  Therefore,  the  scattering  coefficient  evaluation  for  the  parallel  polarization  case 
would  proceed  in  an  identical  manner  to  the  perpendicular  case  yielding  the  result, 

-ir  121  +  1  {I  -  m)\ 


Aim  =  -{-^Bim)  = 


/  exp(jQ  cos  B  cos  9r)  sin  6P/’"^(cos  6) 
Jo 


l(f  +  l)tl»/(Q:)  V  {i+^V-Jo 

X  I  cos  Or  sin0^(t)^"‘"*  ^./m-(-i(Q  sin  5  sin  Br)  -  /m-i(Q  sin0sin0r)jj 


+  cos 


^sin^r  2J„(asin0sinPr)(-l)’”j|d^) 


(46) 


and 


lln,  =1.4,  =  STl(l-m)!  1 

^  f(f  +  1)V’/(q:)  V  (/  + m)!o  sin 

X  /  exp{iacosBcos9r)P>”'\cosB)smBJm{QsmBs'mBr)dB. 

Jo 

For  the  parallel  polarization  case,  symmetry  in  the  -l-m  and  —m  yields, 

-m, 


with 


'U,.o  ^  0, 

I'B/.o  =  0. 


(47) 

(48) 

(49) 

(50) 

(51) 
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Equations  (46)  through  (51)  completely  determine  the  incident  field  coefficients  for  a  spherical 
particle  illuminated  by  an  off-axis  plane  wave.  Using  the  remaining  expressions  for  the  coefficients 
given  in  Ref.  [10],  all  scattering  coefficients  (i.e.,  a/m  and  6/m  terms)  for  both  polarization  states 
can  now  be  calculated  for  a  plane  wave  incident  at  an  arbitrary  angle  on  a  spherical  aerosol  particle. 


2.2  Special  case  for  Or  =  7r/2 

Another  useful  simplification  in  the  scattering  coefficient  evaluation  can  be  implemented  for 
the  physically  important  case  of  off-axis  scattering  when  the  incident  beam  propagates  orthogonal 
to  the  imaging  system  axis  (i.e.,  Or  =  ti’/2).  For  this  case,  the  incident  field  coefficients  can  be 
further  reduced  to, 


=  I'nTi  iwvco)  ‘  (i  +  ")'i  r 


The  expression  given  in  Eq.  (52)  can  be  simplified  by  examining  the  behavior  of  the  functions  in  the 
integrand  over  the  interval  from  0  to  jt.  Since  sin  6  =  sin(5r  —  0)  over  the  interval  from  0  to  r,  the 
sine  function  is  symmetric  over  this  interval.  Likewise,  the  function  Jm(Qs'mO)  is  also  symmetric 
over  the  same  interval  since  the  dependence  on  the  variable  of  integration  appears  explicitly  in  the 
argument  o  sin  0.  The  argument  of  the  associated  Legendre  function,  cosO,  is  anti-symmetric  over 
the  same  interval  [i.e.,  -cos^  =  cos(7r  —  ^)].  Using  the  identity  from  .A.rfken  [13], 


cos  0)  =  (-1)'+”*P’/’”’(co5  6/), 


(53) 


one  observes  that  the  associated  Legendre  function  is  symmetric  over  the  interval  from  0  to  tt  for 
combinations  of  /  and  m  such  that  the  sum  (/  -f  m)  is  even.  Therefore,  both  the  range  of  integration 
and  the  limits  of  summation  can  be  reduced  by  a  factor  of  two  giving. 


[for  (/-t- m)  even]  = 


4/rm(-l)^-”»  21  +  1  (I  -  m)\ 

al{l  +  l)t6/(o)  y  4t  (/  -|-  m)! 


(cos  0)  sin  OJm  (q  sin  0)d0, 


[for  (/  -I-  m)  odd]  ^Aim  =  ''B/,,, 


X 
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0. 


(54) 

(55) 


The  simplification  for  is  analogous,  the  only  difference  being  the  addition  of  the  anti¬ 

symmetric  cosine  factor  in  the  integrand.  For  this  case. 


[for  (/  +  m)  even]  ■‘•5;^  = 
[for  (/  +  m)  odd] 


0, 

4rr(-l)”>  121  +  I  {I  -  m)i 

/(/  +  l)t&;(a)  Y  4rr  (/  -|-  m)! 


(56) 


X  /  Pi  \cos  6)  siTi  0  COS  6  Jm{Q  sin  0)d9.  (57) 

Jo 

An  additional  computational  simplification  results  from  the  fact  that  all  the  incident  field  coeffi¬ 
cients  become  real  for  the  =  ?r/2  case. 


2.3  m  Summation  Simplification 

The  numerical  e\'aluation  of  Eqs.  (19)  and  (22)  can  be  reduced  by  an  additional  factor  of  two 
by  utilizing  symmetry  of  the  terms  contained  within  the  m  summation. 


E  field  polarized  perpendicular  to  the  y  —  z  plane 

Denote  by  F,  0,  and  $  the  portion  of  Eq.  (19)  resulting  from  the  scattered  r,  6,  and  <i>  compo¬ 


nents,  respectively.  For  the  r  portion, 

f 

r=  ‘^‘rnFin.Pl”'\cose)r^^0,4>3).  (58) 

m——l 

From  previous  results  it  was  found  that, 

O/,— m  ~  (59) 

5(,-m  =  (60) 

F,._„p/-'">(cosf?)  =  (-l)’”F,„P/'"^(cos0),  (61) 

(62) 

(63) 

so  that  Eq.  (58)  becomes, 

I 

T  =  2  Y,  a,,,F,^Pl”'\cos 6)W^0, <h)l  (64) 

m=l 
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where  Si  refers  to  the  real  part  of  the  complex  quantity.  Proceeding  similarly  for  the  d  and  (f> 

portions  of  Eq.  (19),  one  obtains 

l 


and 


0  =  2^  Si[7^(/3,  <fe)]  L,n^r^Wio)(-  sin  fl)f,„,p/’")'(cos  (?) 

m=l  ^ 

-  ‘fnbimi\^\apio)FimPi”'\^o&6)/ sinsj, 

'  .  r  . 

^  =  -2  5[/^'‘(/3,d'3)]  (Q^o)^)m-P/’"Hcose)/sin0 

m=l  ^ 


(65) 


-  f>im^l^\Qpw)i-  Sm6)FlmP[”‘^XcOSe) 


+  $(m  =  0), 


(66) 


where  3  refers  to  the  imaginary  part  of  the  complex  quantity  and 

$(Tn  =  0)  =  ibifi^l^\apw){— sin  6)FifiPl^^'{cos  6) 


Ji  exp(i<h)  +  J_j  exp(-i<;i>3) 

L  \  ^32  /  \  232  /  J 


I  -  I  —-r\-T^/  •  — ji  -  I  — r\  \- 

\  ^32 

Note  that  F,  0  are  zero  for  m  =  0  because  aj,o  =  0,  while  $  5^  0  for  m  =  0.  Incorporating  the 
symmetry  for  m  into  Eq.  (19)  gives, 

X  a;,„fi„p/”‘^(cosS)Si|(j)^~’"exp(im(;i>3)^-  Jm+i  exp(i(^3) 


,  ^»-.(2gf)e.p(-.«]}.(H|^)|E 

X  (-sin 0) Fin p[’"^' (cos 0)  -  mbin(j^\Qp:o)PimPi^”'\cos 0)1  sin 
X  Si|(iy~’"  exp(t7nd>3)  ^  -  J„+j  e^p(i<h)  +  Jm-\  (~^^) 


(I  )* 

(opjo) 


X  exp(-i<;^)]  I  +  (r^)  J2  D  (Qpio)P/mP/’"^(costf)/sin^ 

JJ  vPio/ I 

-  i/m^r’(QPio)(-sin(?)F,„p/”*J'(cos(?)]3|(0”‘(-l)”'+* 

X  [-^m+i  exp(t<^)  +  Jn-j  exp(-t<fe)|  exp(i7n(fe)| 
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(68) 


As  shown  in  the  previous  section,  for  Br  —  5r/2  the  numerical  evaluation  of  the  above  expression  is 
simplified  since  =  0  for  (f  +  m)  odd  and  bin  =  0  for  (/  +  m)  even. 

E  field  polarized  parallel  to  the  y  -  2  plane 

The  simplification  for  the  parallel  polarization  case  follows  in  an  identical  manner  to  the  pre¬ 
vious  development  for  perpendicular  polarization.  The  only  difference  is  that  in  this  case  the  -fm 
and  —  m  scattering  coefficients  are  related  by, 

ai.-m  =  dim,  (69) 

=  -fc/m-  ("0) 

Thus, 

I 

r  =  2i  ^  -h  r(m  =  0),  (71) 

m=l 

where, 

r(m  =  0)  =  -1(1  -b  l)o,.oF,.oPr(cose)e[’^(Qpio) 

X  Ji(P)exp(i<l>3)  + J_i(0)exp(-i(h)  ,  ("2) 

I 

0  =  2i^3[C"(4,<fe)]  a, ,,,^|'>'(apio)(- sin <?)/', ,,.P/'")'(cos^) 

m=l  ^ 

-  (apio)  Elm  pI’^^cosB)/ sin  B  +  0(m  =  0),  (73) 

where, 

0(m  =  O)  =  a,,o^|*^'(QPio)(sin<?)F,,oP/°^'(costf) 

X  |•^l(4)€xp(l>3) -t- J_i(3)exp(-j(5!>3)  ,  (74) 

and 

/  r 

$  =  2i^R[7r(4,^)]  maU|'>'(Qpjo)/’/mP/"‘^(costf)/sin<? 

m=l  1 

-  b,m(}%pjoX-sinB)F,mP^”‘^'(cosB)j.  (75) 
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Here,  $(Tn  =  0)  =  0  for  all  /  since  6/,o  =  0  for  parallel  incident  polarization.  Incorporating  the 
symmetry  for  m  into  the  parallel  polarization  case  gives, 


+  £  E  +  l)^}'kap,o)a,„F,„P/”‘^(cos0)^{(,■^(-l)'"+^ 

^10  f  J=1  m=l  *■ 

X  exp(jm<^)  «xp(i<fe)  +  ^  exp(-idB)|  | 

"  (^) p'™ = »)"  (^) Is 

X  F,„p/™)'(cose)  -  m6,„,^|'^(Qpio)f/„F/”‘^(cose)/sine]3{(ir(-ir 
•/m+i  exp(-i<f>3)j  I 


X  exp{iTn<i>3) 

+  (See  {apio)FimPi'^\cos9)/  sine  - 

vPioy  ,_j 

X  (-  sintf)F,„p/’">'(cos5)]»|(ty- 


-  J, 


/ofifaN 
'"'''a  ^32  ) 


X  exp(j<!)3)  + 


^Qfifz 


ZZ2 


^  exp(-i>3)  exp(imd^)|^dr] 


.4gain,  for  9r  =  7r/2  the  numerical  evaluation  of  the  above  expression  is  further  simplified 
aim  =  0  for  (/  +  m)  even  and  6/„  =  0  for  (/  +  m)  odd. 


(76) 


since 


3.  Computational  Results  and  Discussion 

As  an  initial  verification  on  the  theoretical  development  and  Fortran  computer  codes,  calcula¬ 
tion  were  performed  for  the  imaging  case  corresponding  to  9^  — »  0.  For  this  situation,  the  off-axis 
calculations  for  both  incident  polarization  states  were  in  agreement  with  results  generated  from 
the  Fortran  codes  for  the  on-axis  imaging  development  (with  the  incident  field  deleted  from  the 
image)  which  was  presented  in  an  earlier  paper.  [14] 

The  calculations  to  be  presented  in  this  section  will  examine  the  influence  of  particle  size,  in¬ 
cident  polarization,  incident  beam  angle,  and  complex  refractive  index  on  the  observed  intensity 
distribution  in  the  image  plane.  The  major  objective  will  be  to  verify  that  the  theoretical  devel¬ 
opment  is  providing  results  consistent  with  physical  observation  and  previously  verified  theories. 


18 


For  the  cases  to  follow  and  unless  otherwise  stated,  all  particles  are  assumed  to  be  in-focus  with 

—  zq)  =  52.5  mm,  232  =  1050  mm,  /  =  50  mm,  and  =  2.5  mm.  All  calculated  intensity  values 
have  been  normalized  such  that  a  value  of  unity  represents  the  normalized  intensity  in  the  image 
plane  for  a  particle  with  refractive  index  n  =  l.O-fO.Ot  illuminated  by  an  on-axis  plane  wave.  The 
normalized  spatial  coordinates  in  the  image  plane  have  accounted  for  the  optical  magnification  of 
the  imaging  system. 

A  qualitative  representation  of  the  intensity  distribution  in  the  image  plane  can  be  obtained 
by  examining  the  two-dimensional  intensity  plot  shown  in  Fig.  2.  This  particular  case  corresponds 
to  a  10  pm  diameter  droplet,  illuminated  by  a  A  =  0.501  pm  plane  wave,  incident  at  9^  =  90 
degrees.  The  complex  refractive  index  of  the  particle  is  n  =  1.35  -f  10~®i.  .As  shown  in  Fig. 
2,  there  are  two  high  intensity  regions,  or  glare  spots,  appearing  along  the  ya  axis.  One  peak 
appears  on  both  the  positive  and  negative  branches  of  y^.  Note  that  the  intensity  distribution  is 
symmetric  with  respect  to  the  ya  axis  but  is  asymmetric  with  respect  to  the  za  axis.  This  plot 
shows  general  similarities  to  the  experimental  images  presented  by  Ashkin  and  Dziedzic  [3]  for  13 
pm  silicone  oil  droplets  illuminated  by  Or  =  90  degree  visible  light.  .Although  this  type  of  plot  is 
useful  for  examining  general  trends,  quantitative  comparisons  between  differing  cases  is  difficult. 
Therefore,  the  remsuning  calculations  to  be  presented  w-ill  examine  the  intensity  distributions  in 
the  image  plane  as  a  function  of  the  single  spatial  variable,  yj.  Calculations  were  also  performed 
for  observation  points  along  the  X3  axis  but  have  been  omitted  in  the  results  to  follow  since  the 
computed  intensity  values  are  generally  significantly  smaller  than  those  along  the  ya  axis  and  do 
not  provide  any  significant  information. 

Figure  3  shows  the  intensity  distribution  in  the  image  plane  as  a  function  of  the  normalized 
position,  optical  properties,  and  incident  polwzation  for  a  =  62.706  (2a  =  10  pm,  A  =  0.501  pm). 
As  stated  above,  the  intensity  values  were  computed  along  the  particle  diameter  corresponding 
to  the  ya  axis  in  the  image  plane  (i.e.,  d>3  =  x/2,3x/2).  The  false  contrast  plot,  presented  in 
Fig.  2,  is  also  shown  in  the  top  graph  of  Fig.  3.  Several  items  are  of  interest  in  this  figure.  The 
appearance  of  an  intensity  peak,  due  to  specular  reflection  at  the  front  particle  surface,  is  observed 
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for  6r  —  90  degree  incident  illumination.  This  specular  reflection  would  occur  for  light  making  an 
incident  angle  of  45  degrees  and  should  appear  at  a  normalized  location  of  yz  =  -0.707  (dotted 
line)  in  the  image  plane.  The  appearance  of  the  intensity  peak  on  the  -5/3  branch,  as  opposed  to 
the  +y3  branch,  results  from  the  image  inversion  caused  by  the  positive  imaging  lens.  .\lso  note 
that  in  both  the  top  [3f(n)  =  =  1.35]  and  bottom  [5?(n)  =  11,  =  1.50]  graphs  of  Fig.  3,  the  peak 

intensity  on  the  -^3  branch  tends  to  move  inward  as  3(n)  increases.  This  would  be  expected  from 
a  physical  viewpoint  since  increasing  ^^(n)  results  in  a  particle  with  optical  properties  becoming 
more  like  highly  conductive  metals  in  which  the  reflectivity  and  absorptivity  of  the  particle  are 
high.  For  such  a  case,  involving  a  strongly  absorbing  particle,  one  would  expect  that  the  only 
light  observed  at  90  degrees  would  be  due  to  the  specular  reflection  at  the  particle  surface.  This 
is,  in  fact,  the  case  since  the  major  peak  in  the  intensity  distribution  for  ^l(h)  =  10"'  occurs  at 
the  specular  reflection  location  for  both  5?(h)  investigated.  Schematically,  the  specular  reflection 
is  shown  in  Fig.  4  as  the  p  =  0  ray.  The  p  =  1  ray  shown  in  the  figure  is  representative  of  a  ray 
which  emerges  after  transmitting  through  the  droplet.  Similarly,  a  ray  emerging  after  1  internal 
reflection  is  denoted  as  the  p  =  2  ray,  and  so  on.  [15]  The  extremely  small  intensities  on  the  +^3 
branch  for  0(fi)  =  10"'  are  caused  by  the  strong  absorption  within  the  particle,  greatly  reducing 
the  magnitude  of  the  refracted  light  (i.e.,  p  =  1,  p  =  2  ...  rays)  which  reemerges  from  the  particle. 
In  contrast  to  the  strong  absorbing  case  (3(h)  =  10"'],  the  case  of  a  transparent  particle  [3(S)  = 
10"®]  shows  a  definite  two  peak  structure  in  the  intensity  distribution,  with  one  peak  appearing 
on  each  yz  branch.  The  existence  of  the  peak  on  the  +y3  branch  is  due  to  the  higher  order  rays 
(i.e.,  p  =  1,  p  =  2,  ...)  which  pass  through  the  particle  and  reemerge  to  contribute  to  the  intensity 
distribution  in  the  image  plane. 

.Another  observation  which  can  be  noted  from  Fig.  3  is  the  effect  of  the  incident  polarization 
on  the  intensity  distribution  in  the  image  plane.  For  both  transparent  and  absorbing  paj^ticles,  the 
peak  intensity  on  the  —yz  branch  is  significantly  higher  for  perpendicular  incident  polarization  than 
for  parallel  incident  polarization.  This  observation  can  be  explained  by  examining  the  behavior 
of  the  Fresnel  amplitude  coefficients  as  a  function  of  incident  angle.  [16]  As  a  first  approximation. 
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one  can  assume  that  the  peak  on  the  —  ya  branch  receives  its  largest  contribution  from  the  p  = 

0  ray,  incident  at  0i  =  45  degrees.  For  such  a  case,  the  amplitude  reflection  coefficients  predict 
significantly  higher  reflected  intensities  for  perpendicular  incident  polarization,  consistent  with  the 
results  of  Fig.  3. 

.\nother  item  examined  was  the  effect,  if  any,  that  particle  resonances  had  on  the  intensity  dis¬ 
tribution  in  the  image  plane.  The  occurrence  of  morphology-dependent  resonances  within  spherical 
particles  has  been  well  documented  in  the  literature  [3,17,18,19]  and  only  a  brief  discussion  will  be 
given  here.  Mathematically,  a  resonance  condition  occurs  for  situations  in  which  there  exists  a  pole 
in  the  complex  scattering  coefficients  (i.e.,  a/m  or  h/m)-  Physically,  the  resonant  condition  occurs  for 
specific  combinations  of  complex  refractive  index,  wavelength,  and  particle  diameter  such  that  the 
incoming  light  is  in  phase  with  the  light  previously  propagating  within  the  particle.  This  condition 
results  in  enhanced  field  magnitudes  both  internal  and  external  to  the  particle  boundary.  Figure  5 
shows  the  integrated  intensity  at  the  aperture  of  the  imaging  system  (plane  rj)  as  a  function  of  the 
size  parameter,  for  perpendicular  incident  polarization,  n  =  1.50+10~^i,  and  0r  =  90  degrees,  Mote 
that  the  integrated  intensity,  presented  in  Fig.  5,  is  representative  of  the  total  intensity  collected 
by  the  imaging  system  but  contains  no  information  as  to  how  the  intensity  will  be  distributed  in 
the  image  plane.  The  two  cases  to  be  examined  correspond  to  the  nonresonance  case  (o  =  62.706 
presented  earlier)  and  the  resonance  case  (a  =  62.578),  each  denoted  by  dotted  vertical  lines.  In 
addition  to  providing  enhanced  scattered  intensities  shown  in  Fig.  5,  the  resonance  case  also  cor¬ 
responds  to  a  peak  in  the  particle  absorption  efficiency.  The  absorption  efficiency  represents  the 
ratio  of  the  rate  at  which  energy  is  absorbed  by  the  particle  to  the  rate  at  which  energy  is  incident 
on  the  cross-section  of  the  particle. 

The  resulting  images  for  both  the  resonance  and  nonresonance  cases,  for  the  perpendicular 
polarization  state,  is  sho^m  in  Fig.  6.  As  might  be  expected,  the  resonance  case  shows  an  increased 
peak  intensity  and  also  exhibits  a  tendency  to  shift  the  location  of  the  intensity  peaks  away  from 
the  center  of  the  particle.  The  concentration  of  light  which  occurs  near  the  outer  edges  of  a 
particle  under  resonance  conditions  has  been  discussed  previously  [17],  and  has  actually  been 
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shown  experimentally  by  Ashkin  and  Dziedzic  [3].  Photographs  presented  by  Ashkin  and  Dziedzic 
for  a  13  fim  silicone  oil  drop,  for  both  on  and  off  resonance  cases,  show  trends  similar  to  the 
calculations  presented  in  Fig.  6.  Calculations,  corresponding  to  resonance  conditions  for  parallel 
incident  polarization,  were  also  performed  and  showed  very  similar  trends. 

Also  examined  was  the  effect  of  changing  the  incident  angle  of  the  plane  wave.  Or  ■  Figure  7 
shows  the  intensity  distribution  in  the  image  plane  for  both  incident  polarization  states  as  the 
incident  beam  angle  is  changed  from  30  to  90  degrees.  The  particle  diameter  is  10  /xm,  index 
of  refraction  n  =  1.50  +  10~®i,  and  incident  wavelength  0.501  fim.  For  decreasing  Or,  the  radial 
location  of  the  peak  intensity  on  the  -ya  branch  is  seen  to  move  inward  towcird  the  imaging  system 
axis  while  the  magnitude  of  the  peak  intensity  show’s  a  significant  increase.  This  intensity  increase  is 
expected  since  small  aerosol  particles  tend  to  scatter  light  more  efficiently  in  the  forward  direction. 
Note  that  for  the  perpendicular  polarization  case,  the  peak  intensity  for  the  Or  =  90  degree  case 
occurs  on  the  -ya  branch  while  all  other  cases  show  the  peak  occurring  on  the  +ya  branch. 

The  final  set  of  calculations  examine  the  influence  of  increasing  particle  size.  Figure  9  presents 
calculations  for  both  a  25  fiva  (top)  and  40  ftm  (bottom)  diameter  particle  with  complex  refractive 
index  n  =  1.35  +  10“®i.  The  Incident  beam  angle.  Or  was  fixed  at  90  degrees  while  the  incident 
wavelength  was  0.5  /im  for  both  cases.  The  results  show  that  the  peak  resulting  from  the  p  =  0 
ray  increases  in  magnitude  and  tends  to  become  narrower  as  the  particle  diameter  increases.  In 
contrast,  however,  the  peak  magnitudes  appearing  on  the  +y3  branch,  which  results  from  contri¬ 
butions  from  higher  order  rays,  remains  essentially  unchanged  at  w  10“^  for  particle  diameters 
ranging  from  10  to  40  ^m.  The  existence  of  the  intensity  peak  appearing  near  the  rear  hemisphere 
of  the  droplet  has  helped  in  understanding  our  previous  experimental  observations  regarding  high 
energy  KrF  laser  interaction  with  water  droplets.  [4] 

4.  Summary 

A  theoretical  model  has  been  presented  for  calculation  of  the  off-axis  image  of  a  spherical 
particle  illunoinated  by  a  plane  wave  incident  at  an  arbitrary  angle.  The  technique  is  \’alid  for 
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either  tr<insparent  or  opaque  particle  and  has  no  restrictions  on  the  allowable  direction  or  degree  of 
particle  defocus  within  the  imaging  system.  The  model  has  made  use  of  the  arbitrary  beam  theory 
to  calculate  the  external  electric  field  resulting  from  the  laser/aeroscJ  interaction  and  scalcir  theory 
for  calculation  of  the  resulting  field  in  the  image  plane.  This  technique  provides  an  alternative 
to  using  the  Huygens-Fresnel  propagation  formula  which  requires  a  two-dimensional  integration 
over  the  aperture.  The  use  of  arbitrary  beam  theory  technique  is  advantageous  for  situations  in 
which  the  number  of  evaluation  points  is  relatively  small  or  for  cases  in  which  storage  limitations 
present  a  problem.  Calculations  for  both  transparent  and  absorbing  particles,  ranging  in  size  from 
10  to  40  fxm  in  diameter,  illuminated  by  A  w  0.5  /rm  radiation,  have  shown  results  consistent 
with  expected  physical  behavior  and  previously  verified  theories.  The  theoretical  model  will  have 
important  applications  in  interpreting  results  involving  both  linear  and  nonlinear  laser/aerosol 
interaction  with  aerosol  particles. 
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7.  Figure  Labels 


Fig.  1.  Imaging  geometry  for  off-axis  incident  beam  illumination  for  both  perpendicular  incident 
polarization  (J.)  and  parallel  incident  polarization  (||  -  dotted  box). 

Fig.  2.  Relative  intensity  in  the  image  plane  for  a  10  fim  diameter  particle  illuminated  by  a  per¬ 
pendicularly  polarized,  A  =  0.501  /im,  incident  plane  wave.  The  index  of  refraction  of  the 
particle  is  n  =  1.35  +  10~®i  and  6r  =  90  degrees.  White  shades  indicate  high  intensities, 
black  shades  indicate  low  intensities.  The  white  circle  denotes  the  particle  boundary. 

Fig.  3.  Normalized  intensity  distribution  in  the  image  plane  as  a  function  of  normalized  position, 
incident  polarization,  and  0(n),  for  size  parameter,  a  =  62.706.  niuminated  is  by  a  plane 
wave  at  6r  =  90  degrees.  Transparent  particles  with  3(n)  =  10~®  are  denoted  by  T,  while 
opaque  particles  with  ^r(n)  =  10~*  are  denoted  by  0.  Top  graph:  R(f!)  =  1.35;  bottom  graph: 
5i(n)  =  1.50. 

Fig.  4.  Schematic  showing  the  characterization  of  scattered  light  rays  resulting  from  the  interaction 
of  a  plane  wave  with  a  spherical  particle. 

Fig.  5.  Integrated  intensity  at  the  aperture  of  the  imaging  system  as  a  function  of  the  particle  size 
parameter  for  perpendicular  incident  polarization,  n  =  1.50  -I-  10“®i,  and  Or  =  90  degrees. 

Fig.  6.  Intensity  as  a  function  of  radial  position  for  perpendicular  polarization  and  q  (nonreso¬ 
nance)  =  62.706  and  a  (resonance)  =  63.578.  The  particle  is  10  fim  in  diameter  with  n  = 
1.50  -|-  10~®i  and  Or  =  90  degrees. 

Fig.  7.  Normalized  intensity  in  the  image  plane  as  a  function  of  normalized  position  and  incident 
beam  angle  for  both  parallel  and  perpendicular  incident  polarization.  The  particle  is  10  /im 
in  diameter  with  S  =  1.50  -b  10“®i.  The  incident  wavelength  is  0.501  /im. 
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Fig.  8.  Normalized  intensity  as  a  function  of  normalized  position  for  a  particle  with  complex  refrac¬ 
tive  index,  n  =  1.35  -)-  10~®i.  The  particle  diameters  are  25  yrm  (top)  and  40  /xm  (bottom). 
Illuminated  is  by  a  plane  wave  (A  =  0.5  fiva)  at  6r  =  90  degrees. 
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Fig.  1.  Imaging  geometry  for  off-axis  incident  beam  illumination  for  both  perpendicular  incident 
polarization  (±)  and  parallel  incident  polarization  (1|  -  dotted  box). 


Fig.  2.  Relative  intensity  in  the  image  plane  for  a  10  /rm  diameter  particle  illuminated  by  a  per¬ 
pendicularly  polarized,  A  =  0.501  fim,  incident  plane  wave.  The  index  of  refraction  of  the 
particle  is  n  =  1.35  -|-  10~®t  and  $r  =  90  degrees.  White  shades  indicate  high  intensities, 
black  shades  indicate  low  intensities.  The  white  circle  denotes  the  particle  boundary. 
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Fig.  3.  ISormalized  intensity  distribution  in  the  image  plane  as  a  function  of  normalized  position, 
incident  polarization,  and  5(n),  for  size  parameter,  a  =  62.706.  Illuminated  is  by  a  plane 
wave  at  6j  —  90  degrees.  Transparent  particles  with  3(n)  =  10~®  are  denoted  by  T,  while 
opaque  particles  with  0(n)  =  10“^  are  denoted  by  0.  Top  graph:  5f(»i)  =  1.35;  bottom  graph: 
S?(n)  =  1.50. 
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Fig.  4.  Schematic  showing  the  characterization  of  scattered  light  rays  resulting  from  the  interaction 
of  a  plane  wave  with  a  spherical  particle. 
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Fig.  5.  Integrated  intensity  at  the  aperture  of  the  imaging  system  as  a  function  of  the  particle  size 
parameter  for  perpendicular  incident  polarization,  n  =  1.50  +  10~®«,  and  Br  =  90  degrees. 
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Fig.  6.  Intensity  as  a  function  of  radial  position  for  perpendicular  polarization  and  o  (nonreso¬ 
nance)  =  62.706  and  q  (resonance)  =  63.578.  The  particle  is  10  fiia  in  diameter  with  h  = 


1.50  -h  10“®i  and  =  90  degrees. 
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Fig.  7.  Normalized  intensity  in  the  image  plane  as  a  function  of  normalized  position  and  incident 
beam  angle  for  both  parallel  and  perpendicular  incident  polarization.  The  particle  is  10  fim 
in  diameter  with  h  =  1.50  +  10~®i.  The  incident  wavelength  is  0.501  /im. 
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Fig.  8.  Normalized  intensity  as  a  function  of  normalized  position  for  a  particle  with  complex  refrac¬ 
tive  index,  fi  =  1.35  +  10“®i.  The  particle  diameters  are  25  /rm  (top)  and  40  (bottom). 
Illuminated  is  by  a  plane  wave  (A  =  0.5  fim)  at  0r  =  90  degrees. 
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ABSTRACT 

Through  an  application  of  our  previously  derived  single  spherical  particle/arbitrary  beam 
interaction  theory,  an  iterative  procedure  has  been  developed  for  the  determination  of  the  electro¬ 
magnetic  field  for  a  beam  incident  upon  two  adjacent  spherical  peirticles.  The  two  particles  can 
differ  in  size  and  composition,  and  can  have  any  positioning  relative  to  each  other  and  relative  to 
the  focal  point  snd  propagation  direction  of  the  incident  beam.  Example  calculations  of  internal 
and  near  field  normalized  source  function  (~  l-Cp)  distributions  are  presented.  Also  presented  are 
calculations  demonstrating  the  effect  of  the  relative  positioning  of  the  second  adjacent  particle  on 
far  field  scattering  patterns. 

KEYWORDS:  electromagnetic  field,  incident  beam,  adjacent  spherical  particles,  light  scattering, 
particle  sizing 
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1.  INTRODUCTION 


Interactive  scattering  between  two  adjacent  spherical  particles  can  result  in  an  electromagnetic 
field  distribution  significantly  different  from  the  electromagnetic  field  distribution  that  would  be 
obtained  for  a  single  particle.  The  theoretical  determination  of  the  electromagnetic  field  for  a  plane 
wave  incident  upon  two  adjacent  spherical  particles  has  been  previously  considered.'”®  However, 
if  a  focused  laser  beam  is  used  as  the  excitation  source  and  the  local  beam  diameter  is  less  than  or 
of  the  same  order  as  the  center-to-center  separation  distance  of  the  two  particles,  then  the  plane 
wave  assumption  utilized  in  these  earlier  analyses  is  not  valid. 

By  applying  our  single  spherical  particle/arbitrary  beam  interaction  theory,^  we  have  devel¬ 
oped  a  procedure  for  determining  the  electromagnetic  field  for  a  beam  incident  upon  two  adjacent 
spherical  particles.  This  analysis  is  general  and,  with  no  additional  computational  complexity, 
the  two  particles  can  have  different  sizes  and  different  compositions,  and  can  have  any  geometri¬ 
cal  positioning  relative  to  each  other  and  relative  to  the  focal  point  and  propagation  direction  of 
the  incident  beam.  The  procedure  could  be  straightforwardly  extended  to  allow  multiple  incident 
beams  and  mote  than  two  adjacent  particles,  but  only  the  single  beam  incident  upon  two  adjacent 
particles  case  will  be  considered  here. 

One  application  of  the  two  spherical  particles/arbitrary  beam  interaction  theory  involves  the 
determination  of  the  internal  particle  and  near  surface  electromagnetic  fields  for  arrangements 
in  which  a  laser  beam  is  focused  upon  two  spherical  particles  that  have  been  purposely  placed 
adjacent  to  each  other.  For  example,  one  particle  could  be  used  to  further  “focus”  the  laser 
radiation  onto  the  second  particle  or  the  two  particles  could  be  arranged  to  create  an  interacting 
resonance  condition.  Another  application  of  the  two  spherical  particles/arbitrary  beam  interaction 
theory  is  the  determination  of  the  effect  of  the  presence  of  an  adjacent  second  particle  on  far  field 
scattering  patterns.  Certain  types  of  particle  sizing  instruments,  such  as  the  phase- Doppler,  utilize 
an  analysis  of  scattered  laser  light  to  determine  the  size  of  individual  particles  within  a  cloud 
or  spray.  The  analysis  is  based  upon  the  assumption  of  single  particle  scattering.  The  relative 
motion  of  individual  particles  within  a  cloud  or  spray  will,  however,  sporadically  bring  particles 
into  close  proximity  of  each  other  and  the  effect  of  cooperative  scattering  between  particles  on  far 
field  scattering  characteristics  and  subseq»ient  particle  sizing  is  of  interest.  Preliminary  calculations 
have  been  performed  and  are  presented  demonstrating  both  of  these  applications  of  the  two  spherical 
particles/arbitrary  beam  interaction  theory. 
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II.  THEORETICAL  DEVELOPMENT 


The  theoretical  approach  utilized  is  similar  to  the  “order-of-scattering”  technique  introduced 
by  Fuller  and  Kattawar.^  Since  our  single  spherical  particle/arbitrary  beam  interaction  theory' 
permits  the  determination  of  the  electromagnetic  field  for  a  single  particle  with  any  known  incident 
field  (regardless  of  whether  the  incident  field  originates  from  an  external  beam,  from  the  scattering 
of  an  adjacent  particle,  or  from  a  combination  of  these  two  sources),  the  procedure  is  as  follows. 
One  particle  is  designated  as  particle  1  and  the  other  particle  is  designated  as  particle  2.  The 
single  particle  theory  is  used  to  calculate  the  scattered  electromagnetic  field  of  particle  1  due  to  the 
incident  beam  only.  The  scattered  field  of  particle  1  added  to  the  incident  beam  field  is  used  as  the 
field  incident  upon  particle  2  and  the  resulting  scattered  field  of  particle  2  is  calculated,  again  by 
using  the  single  particle  theory.  The  scattered  field  of  particle  2  added  to  the  incident  beam  field 
provides  an  updated  field  incident  upon  particle  1  and  the  scattered  field  of  particle  1  is  recalculated. 
The  newly  calculated  scattered  field  of  particle  1  added  to  the  incident  beam  field  then  provides  an 
updated  field  incident  upon  particle  2  and  the  scattered  field  of  particle  2  is  recalculated.  These 
successive  calculations  are  continued  until  there  is  no  longer  a  significant  change  in  the  calculated 
electromagnetic  field.  For  weakly  interacting  dual  particles,  such  as  particles  spaced  one  or  more 
radii  apart  surface-to-surface,  convergence  typically  occurs  within  a  few  iterations. 

The  geometrical  arrangement  for  the  two  spherical  particles/arbitrary  beam  interaction  theory 
is  shown  in  Fig.  1.  Consistent  with  the  single  particle  theory^  the  two  particles  are  assumed  to 
be  nonmagnetic,  homogeneous  spheres  located  within  a  nonabsorbing,  nonmagnetic,  homogeneous 
medium  of  dielectric  constant,  c«x<'  The  size  (as  indicated  by  the  size  parameter,  a  =  2nafXext 
where  a  is  the  particle  radius)  and  the  composition  (as  indicated  by  the  particle  complex  relative 
refractive  index,  n)  of  the  two  particles  may  differ.  The  calculation  is  facilitated  by  orienting  the 
coordinate  systems  of  the  two  particles  [(7i,yi,2i)  and  (X2,y2<^2)])  so  that  the  z  axes  align  and,  in 
terms  of  spherical  coordinates  (r,tf,<^),  the  azimuthal  angles  of  the  two  coordinate  systems  coincide 
(^1  =  (h)- 

The  center  of  particle  I  is  used  as  the  common  spatial  reference  point.  As  shown  in  Fig.  1, 
the  center  of  particle  2  is  located  a  distance  ri2  from  particle  1.  The  incident  beam  is  assumed 
to  be  a  focused,  linearly  polarized,  Gaussian  beam  with  a  beam  waist  diameter  of  2u7o  and  a  focal 
point  located  at  (xo,yoiXo)  relative  to  puticle  1.  The  beam  has  an  associated  coordinate  system 
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{xblybiZb)  with  the  origin  at  the  focal  point.  The  beam  propagates  in  the  +2(,  axis  direction 
with  electric  field  polarization  in  the  Z(,  axis  direction.  The  angle  Obd  indicates  the  direction  of 
beam  propagation  relative  to  the  y-z  plane  of  the  two  particles  and  a  second  beam  angle,  4)bd, 
indicates  the  direction  of  the  electric  field  polarization  of  the  beam  relative  to  the  x-z  plane  of 
the  two  particles.  {(f>  =  0°  indicates  a  beam  electric  field  polarization  in  the  x-z  plane  of  the  two 
particles  and  </>  =  90°  indicates  a  beam  electric  field  polarization  perpendicular  to  the  x-z  plane 
of  the  two  particles.)  The  electromagnetic  field  components  of  the  incident  beam  are  determined 
using  a  fifth-order  corrected  Gaussian  beam  description.®  A  reference  coordinate  system  (x,y,z)  is 
located  at  (ire/,  yre/,^re/)  relative  to  particle  1  and  is  used  as  the  coordinate  system  for  outputted 
electromagnetic  field  distributions.  Spatial  quantities  are  normalized  (as  indicated  by  a  tilde,  *) 
relative  to  the  radius  of  particle  1  (ui)  except  for  the  spatial  coordinates  of  particle  2  (x2, 1/2,  ^2,  and 
r2)  which  are  normalized  relative  to  the  radius  of  particle  2  (oj).  Electromagnetic  field  components 
are  normalized  relative  to  the  electric  field  magnitude  at  the  beam  focal  point,  Eo-  (The  beam 
power  is  directly  proportional  the  square  of  Eq.)^ 

In  summary,  any  arrangement  of  a  beam  incident  upon  two  adjacent  particles  can  be  defined  by 
the  following  nondimensional  parameters:  the  size  parameters  of  the  two  particles  (qi  and  02),  the 
complex  relative  refractive  indexes  of  the  two  particles  (nj  and  n2),  the  center-to-center  separation 
distance  of  the  two  particles  (in),  the  beam  focal  point  location  relative  to  particle  1  (io,yo,'^o), 
the  beam  waist  radius  (u/q),  the  beam  propagation  direction  angle  (ffbd),  the  beam  polarization 
orientation  angle  (0m),  the  dielectric  constant  of  the  external  medium  ((ext),  and  the  location  of 
the  output  coordinate  system  relative  to  particle  1  (ire/,i/re/,^re/)- 

The  internal  scattered  ,<^i), 

electromagnetic  field  components  of  particle  1  and  the  internal  [£^^*"'(^2,^2, 02), 
^(*“'*(12,^2,02)1  scattered  [E^^*Hf2,ff2,<h),  electromagnetic  field  components 

of  particle  2  are  each  expressed  as  a  double  summation, 

00  I 

l=l  ms-l 

over  products  of  Riccati-Dessel  functions  and  spherical  harmonic  functions.  These  series  expres¬ 
sions,  in  nondimensional  form  as  used  here,  are  given  in  Ref.  9.  For  each  particle,  the  respective 
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internal  field  series  coefficients,  cimidim,  and  scattered  field  series  coefficients,  can  be  di¬ 

rectly  related  to  the  series  coefficients  of  the  field  incident  upon  the  surface  of  the  pairticle,  Aimt  Bim, 
by^ 


tl)'((na)  Ma)  -  n  il)i(na)  ijf'iia) 
nift{ha)^\^^'{a)  -  V>j(nQ) 


(1) 


_  nrl/t(ha)ii>i(o‘)-'i’t(na)rp[{a) 

V’i(nQ)^{‘^'(a)- h^(nQ)^|*^(a)  ”” 


(4) 


where  are  determined  from  the  electromagnetic  field  incident  upon  the  particle  surface 

by 


‘nu')Ua)r 

and 

®'" = icmW)  r  [  (6) 

In  Eqs.  (l)-(6),  where  Vj,xi  the  Riccati- Bessel  functions,  and  Yim  is  the  spherical 

harmonic  function. 

For  a  beam  of  no  symmetry  relative  to  the  particle  coordinate  system,  the  surface  integrals 
of  Eqs.  (.5)  and  (6)  must  be  numerically  determined  in  full.  However,  for  scattered  leaving  one 
particle  and  incident  upon  the  other  particle,  since  the  coordinate  systems  are  aligned  such  that 
<P\  =02,  the  azimuthal  integration  can  be  performed  analytically  and  the  surface  integrals  of 
Eqs.  (5)  and  (6)  can  be  reduced  to  numerically  simpler  line  integrals.  The  detailed  equations  for 
the  complete  iteration  procedure  are  presented  in  App.  A.  Once  the  electromagnetic  field  series 
coefficients  for  both  particles  have  been  determined  by  the  iteration  procedure  of  App.  A,  the 
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electromagnetic  field  for  any  spatial  location,  either  internal  or  external  to  the  particles,  can  be 
calculated.  The  electromagnetic  field  within  particle  1  is  determined  using  the  associated  internal 
field  series  coefficients,  and  the  electromagnetic  field  within  particle  2  is  determined  using 

the  associated  internal  field  series  coefficients,  <=lm  ,df^.  The  electroma^etic  field  external  to  the 
two  particles  is  formed  by  a  sum  of  the  electromagnetic  field  of  the  incident  beam  the 

scattered  field  of  particle  1  as  determined  using  the  associated  scattered  field  series  coefficients, 
scattered  field  of  particle  2  as  determined  using  the  associated  scattered  field 

series  coefficients, 

and 

H^^\f,d,4,)  =  +  (8) 

The  correctness  of  the  two  spherical  particles/axbitrary  beam  interaction  theory  was  verified, 
in  the  plane  wave  limit,  by  making  comparisons  with  an  existing  plane  wave  theory.  The  plane 
wave  limit  for  the  beam  theory  is  easily  obtained  by  setting  the  beam  waist  parameter  to  a  large 
value  (e.g.  liio  =  1000).  Data  were  generated  and  plotted  using  parameters  corresponding  to  Figs. 
2-4  in  the  plane  wave  theory  paper  of  Fuller,  Kattawax,  and  Wang.^  In  Figs.  2-4  of  this  paper,'* 
the  far  field  scattering  intensity  at  a  fixed  incremental  angle  relative  to  the  angle  of  incidence  was 
plotted  as  a  function  of  the  angle  of  incidence  for  incremental  angles  of  70®,  90°,  and  110°.  This 
was  done  for  a  condition  of  the  two  particles  in  contact  and  for  a  condition  of  the  two  particles 
separated.  Incident  electric  field  polarization  perpendicular  to  the  plane  of  observation  and  incident 
electric  field  polarization  parallel  to  the  plane  of  observation  were  both  considered.  For  each  of 
these  conditions,  there  were  no  perceptible  differences  between  the  plane  wave  limit  results  of  the 
beam  theory  and  the  corresponding  plane  wave  theory  results  of  Fuller,  Kattawar,  and  Wang.* 
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II.  INTERNAL  AND  NEAR  FIELD  CALCULATIONS 


Example  calculations  of  internal  and  near  field  normalized  source  function,  S  =  \E\^/Eq, 
distributions  are  shown  in  Figs.  2,  4,  6,  and  7.  In  Figs.  2  and  4,  the  normalized  source  function 
distributions  are  given  both  graphically  and  in  false  contrast  visualization  (white  o  high,  gray  O 
medium,  black  o  low).  Only  the  false  contrast  visualization  is  given  in  Figs.  6  and  7. 

Figure  2  presents  the  internal  and  near  field  normalized  source  function  distribution  in  the 
x-z  plane  for  a  linearly  polarized  (electric  field  polarization  perpendicular  to  the  x-z  plane,  = 
90®),  100  (im  waist  diameter  COj  laser  beam  (A  =  10.6  /im)  incident  upon  two  45  fim  diameter 
water  droplets  (n  =  1.179  +  0.072i)  separated  by  35  fim  surface-to-surface  (zi2  =  80  fim).  The 
beam  is  directed  through  the  centers  of  the  two  spheres  (Sm  =  0®,  x©  =  yo  =  0,  zo  =  40  fim). 
These  conditions  correspond  to  an  experiment  performed  within  our  laboratory  in  which  a  CO2 
laser  beam  was  directed  upon  two  parallel  streams  of  water  droplets  so  that  the  illuminated  droplet 
would  act  as  a  lens  to  focus  the  laser  light  upon  the  shadow  side  droplet.^**  This  focusing  effect  is 
apparent  in  the  theoretical  calculation  presented  in  Fig.  2  where  the  maximum  value  of  the  internal 
normalized  source  function  occurs  at  the  front  surface  (illuminated  side)  of  the  shadow  side  droplet. 
(In  the  false  contrast  visualization,  the  boundaries  of  the  two  particles  are  indicated  by  white-lined 
circles.)  For  these  conditions,  the  front  surface  of  the  shadow  side  droplet  would  be  preferentially 
heated  and,  for  sufficiently  high  laser  fluence,  the  front  surface  of  the  shadow  side  droplet  would 
explosively  vaporize  and  subsequently  fragment.  Figure  3  shows  an  experimentally  obtained  pulsed 
laser  image  (the  imaging  system  is  described  in  Ref.  11)  of  the  fragmentation  of  the  shadow  side 
droplet  resulting  from  the  “focusing”  of  the  incident  CO2  laser  light  by  the  illuminated  side  droplet. 

Figure  4  provides  a  normalized  source  function  distribution  for  a  hypothetical  case  that  demon¬ 
strates  the  ability  to  perform  calculations  for  arrangements  where  the  particles  are  unequal  in  size, 
dissimilar  in  composition,  and  located  off  the  propagation  axis  of  the  beam.  In  Fig.  4,  a  40 
ftm  waist  diameter  CO2  laser  beam  is  incident  upon  a  50  fim  diameter  methanol  droplet  (ni  = 
1.395  -f-  0.0163i)  and  a  40  fim  diameter  water  droplet  (n2  =  1.179  -|-  0.072)  separated  by  20  fim 
surface-to-surface.  The  beam  propagates  with  a  directional  angle  of  0^  =  30®. 

In  Ref.  12,  calculations  were  performed,  using  the  single  particle  theory,  demonstrating  the 
effect  of  focal  point  positioning  on  the  excitation  of  structural  resonances  for  a  tightly  focused 
(tog  <  1)  beam  incident  upon  a  spherical  particle.  It  was  found  that  the  resonance  could  be  most 
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strongly  excited  by  positioning  the  propagation  axis  of  the  beam  at  the  edge  of  the  sphere.  The  two 
spherical  particles/arbitrary  beam  theory  was  applied  to  investigate  the  interaction  of  two  adjacent 
spherical  particles  at  resonance  conditions.  Parameters  were  chosen  corresponding  to  having  a 
focused  argon-ion  laser  beam  (A  =  0.5145  /zm,  2wo  =  2^m)  incident  upon  two  equal  sized  water 
droplets  (n  =  1.334  -|-  1.2x  10~*i)  at  the  35‘*  electric  wave  resonance  (2o  =  4.9912  pm).*  The 
beam  was  directed  at  the  edge  of  particle  1  {0^  =  90®,  <f>i,d  =  0®,  fo  =  5b  =  0,  ^  =  -1.165)  so 
as  to  obtain  maximum  excitation  of  the  resonance.*^  Particle  2  was  positioned  near  particle  1  (on 
the  side  opposite  of  the  beam)  and  the  interaction  was  investigated  as  a  function  of  surface-to- 
surface  separation  distance,  d,ep.  The  number  of  iterations  necessary  for  three  digit  convergence 
was  found  to  increase  with  decreasing  separation  distance,  as  shown  in  Fig.  5.  For  the  resonant 
particles  closely  spaced  together,  d,ep  <  0.13,  the  iteration  procedure  did  not  converge  and,  in  fact, 
diverged  with  increasing  number  of  iterations.  The  divergence  is  attributed  to  the  strong  feedback 
between  the  two  resonant  particles  that  occurs  at  small  separation  distances.  In  contrast,  for  two 
nonresonant  particles  (2a  =  4.96  pm),  the  iteration  procedure  converged  for  all  separation  distances 
(including  d,ep  =  0),  as  also  shown  in  Fig.  5.  For  two  resonant  particles  in  close  proximity,  where 
the  interaction  between  the  two  particles  is  strong,  the  iteration  procedure  apparently  fails  and  a 
matrix  inversion  solution  is  necessary.^ 

The  normalized  source  function  distribution  for  the  beam  incident  upon  two  adjacent  particles 
at  resonance  for  a  separation  distance  of  d,ep  =  0.20  is  given  in  Fig.  6.  The  ring  of  high  source 
function  just  inside  the  surface  of  particle  1  is  characteristic  of  the  edge  excitation  of  resonance  for 
a  single  particle,  as  discussed  in  Ref.  12.  The  scattered  light  from  particle  1  excites  the  resonance 
in  particle  2  which,  in  turn,  feeds  back  into  particle  1.  The  corresponding  nonresonance  case  is 
shown  in  Fig.  7.  At  nonresonance,  particle  2  is  relatively  unaffected  by  the  presence  of  the  beam 
incident  upon  particle  1. 
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III.  FAR  FIELD  SCATTERING  CALCULATIONS 

The  far  field  scattering  for  a  single  spherical  particle  within  a  focused  beam  has  been  previ¬ 
ously  considered.'^"*®  The  two  spherical  particles/arbitrary  beam  interaction  theory  was  applied 
to  investigate  the  far  held  scattering  patterns  for  two  adjacent  spherical  particles  within  a  focused 
beam.  In  particular,  with  particle  1  fixed  in  position  at  the  focal  point  of  the  beam,  the  position 
of  particle  2  was  systematically  varied,  and  the  subsequent  effect  on  the  far  iidd  scattering  pattern 
was  studied. 

Calculations  were  performed  for  parameters  corresponding  to  a  hypothetical  arrangement  of 
a  linearly  polarized  fundamental  argon-ion  laser  beam  (A  =  0.5145  fim)  of  4  /xm  waist  diameter 
(divergence  angle  a  10°)  incident  upon  two  adjacent  1.8  /xm  diameter  water  droplets  (hj  =  nj 
=  1.334  1.2xl0"®i,  oi  =  02  =  11.0,  wq  —  2.22).  For  the  cases  considered  here,  particle  1  is 

fixed  in  position  at  the  focal  point  of  the  beam  (xq  =  ito  =  ^  =  0)  while  the  position  of  particle  2 
relative  to  particle  1  and  relative  to  the  propagation  axis  of  the  beam  was  varied.  The  geometrical 
arrangement  for  the  far  field  scattering  calculations  is  shown  in  Fig.  8.  A  fax  field  scattering  angle, 
9ff,  is  defined  relative  to  the  propagation  axis  of  the  beam  and  a  particle  2  positioning  angle,  0t,d2, 
is  defined  as  the  angle  between  the  axis  passing  through  the  centers  of  the  two  particles  and  the 
beam  propagation  axis.  (Note:  Bf,j2  = 

In  Figs.  9-15,  the  normalized  scattering  intensity,  defined  as 


Or  —  bm  r  e  I E.  19  » 


is  plotted  as  a  function  of  the  far  field  scattering  angle,  Sjj,  in  either  the  x*-zs  plane  (the  plane 
parallel  to  the  beam  electric  field  polarization)  or  the  ys-zs  plane  (the  plane  perpendicular  to 
the  beam  electric  field  polarization).  Figures  9-15  are  semilog  plots  with  each  vertical  division 
representing  a  factor  of  x  10.  The  individual  curves  in  each  Figure  are  unsealed  relative  to  each 
other. 


Figure  9  presents  the  reference  case  of  a  single  particle  at  the  focal  point  of  the  beam  (particle 
2  far  removed  from  the  beam).  The  scattering  is  shown  in  both  the  zi,  -  zs  plane  (curve  a.))  and 
Vb  ~  plane  (curve  c.)).  For  comparison,  single  particle  scattering  for  the  same  conditions  but  with 
plane  wave  illumination  is  also  given  in  Fig.  9  (curves  b.)  and  d.),  respectively).  Since  particle 
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1  is  located  at  the  focal  point  of  the  beam  and  the  particle  diameter  (1.8  fim)  is  less  than  the 
beam  waist  diameter  (4.0  ^m),  the  single  particle  scattering  patterns  for  beam  and  plane  wave 
illumination  are  nearly  identical. 

To  investigate  the  effect  of  a  second  adjacent  particle  on  the  far  field  scattering  pattern,  a  set 
of  calculations  were  performed  with  particle  2  placed  in  the  xt  —  Zf,  plane  and  one  diameter  surface- 
to-surface  away  from  particle  1  {zn  =  4.0,  =  0®).  Figure  10  shows  the  far  field  scattering 

for  particle  2  positioned  at  angles  of  0®  (on  the  +zi,  axis),  30®,  60®,  90®  (on  the  -l-xs  axis),  120®, 
150®,  and  180®  (on  the  -z^  axis)  relative  to  the  propagation  axis  of  the  beam.  As  can  be  observed 
by  comparison  with  Fig.9a.),  Fig.  10  indicates  the  presence  of  the  second  particle  significantly 
affects  the  far  field  scattering  distribution.  The  strongest  effect,  as  would  be  expected,  occurs  when 
particle  2  is  located  well  within  the  beam  (curves  a.),  b.),  f.),  and  g.)  in  Fig.  10)  and  a  relatively 
weaker  effect  occurs  when  particle  2  is  at  the  edge  of  the  beam  (curves  c.),  d.),  and  e.)  in  Fig. 
10).  Figure  11  presents,  for  the  same  particle  positioning  amgles  of  Fig.  10,  the  far  field  scattering 
patterns  in  the  yi,  -  zi,  plane. 

Figure  12a.)  shows  the  far  field  scattering  in  the  Xb-Zb  plane  for  particle  2  located  on  the  -1- 
Xk  axis  (perpendicular  to  the  beam  propagation  axis)  one  diameter  surface-to-surface  from  particle 

1  (ill  =  4.0,  9bd2  =  90®).  At  this  location,  particle  2  is  at  the  edge  of  the  beam  (wq  =  2.22) 
and  the  far  held  scattering  distribution  roughly  resembles  that  of  the  corresponding  single  particle 
case  of  Fig  9a.).  If  particle  2  is  further  removed  from  the  beam  along  the  Xj  axis,  then  the  far 
field  scattering  distribution  more  closely  approaches  that  of  a  single  particle  as  seen  in  curves  b.) 
(in  =  6.0),  c.)  (in  =  12.0),  d.)  (in  =  18.0),  and  e.)  (in  =»  oo)  of  Fig.  12.  In  Fig.  12,  particle 

2  is  in  the  same  plane  as  the  observation  plane  (the  Xb-Zb  plane)  and  the  far  field  scattering  is 
noticeably  affected  even  when  particle  2  is  removed  well  out  of  the  beam.  Figure  13  provides  the 
corresponding  scattering  patterns  in  the  yb-Zb  plane  for  particle  2  removed  along  the  Xb  axis.  In 
Fig.  13,  particle  2  is  not  located  in  the  observation  plane  (the  yb  —  Zb  plane)  and  once  particle 
2  is  removed  from  the  main  part  of  the  beam  (ri2  >  6.0),  the  far  field  scattering  distribution  is 
essentially  the  same  as  that  of  a  single  particle  (Fig.  9c.)). 

Figure  14a.)  shows  the  far  field  scattering  in  the  Xb-Zb  plane  for  particle  2  located  on  the  beam 
propagation  axis  (-|-zs  axis)  one  diameter  surface-to-surface  from  particle  1  (9bJ2  =  =  4.0). 

The  oscillating  structure  in  the  far  field  scattering  for  this  case  arises  due  to  interference  between 
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the  light  scattered  by  the  two  identical  particles.  In  the  far  field,  the  difference  in  path  length 
for  light  leaving  the  two  particles  for  this  case  is  \z\ica&dij\  and  interference  proportional  to  [1  + 
cos(aii2Cosd//)]  might  be  expected.  From  this  expression,  if  particle  2  is  moved  further  away  from 
particle  1  along  the  zi,  axis  {zu  is  increased)  then  the  frequency  of  the  oscillations  in  the  far  field 
scattering  distribution  should  correspondingly  increase.  In  auldition,  since  the  beam  is  diver^ng 
and  the  intensity  incident  upon  particle  2  decreases  as  particle  2  is  moved  away  from  the  focal  point, 
the  amplitude  of  the  interference  should  decrease  with  increasing  Z]2.  As  particle  2  becomes  far 
removed  from  particle  1,  and  from  the  focal  point  of  the  beam,  the  scattering  distribution  should 
converge  to  that  of  the  single  particle  (Fig.  9a.)).  As  seen  in  Fig.  14,  this  is  indeed  observed 
as  particle  2  is  moved  to  z\2  =  10.  (curve  b.)),  zu  =  20.  (curve  c.)),  Zi2  =  50.  (curve  d.)),  and 
212  =  100.  (curve  e.)).  The  corresponding  scattering  distributions  in  the  yt-zt  plane  are  shown 
in  Fig.  15.  Calculations  for  particle  2  moved  along  the  -z/,  axis  (not  shown)  demonstrated  nearly 
identical  results. 
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i  IV.  SUMMARY 

^  A  theoretical  approach  has  been  developed  for  the  determination  of  the  electromagnetic  field 

for  a  beam  incident  upon  two  adjacent  spherical  particles  of  arbitrary  arrangement.  Ebcample  cal¬ 
culations  of  internal  and  near  field  normalized  source  function  distributions  and  far  field  normalized 
scattering  intensity  patterns  have  been  presented.  Future  work  will  include  further  such  “computa¬ 
tional  experimentation”  and  efforts  to  obtain  direct  comparisons  between  theoretical  calcTilations 
and  corresponding  experimental  measurements. 
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APPENDIX  A 


ITERATION  PROCEDURE 

The  iteration  procedure  for  determining  the  internal  and  scattered  field  series  coefficients  for 
a  beam  incident  upon  two  adjacent  spheres  is  as  follows.  [Note: 

1.)  For  each  of  the  two  particles,  determine  the  incident  field  series  coefficients  for  beam  illumination 
alone: 


r  Jo 

jj  (A3) 

and 

=  /(/+  l|v>,(a2)  (A4) 

2.)  Determine  the  initial  scattered  field  series  coefficients  for  particle  1: 


«lm  = 


V^(niQi)V><(oi)  -  »i  V><(fiitti)t^(ai) 


_  niV>;(niai)V>t(ai)- V>t(niai)t/^(ai)  j^(i6) 

3.)  The  following  equations  provide  the  main  iteration  loop  to  determine  the  incident  field  series 
coefficients  for  the  field  scattered  from  particle  1  incident  upon  particle  2  and  the 

incident  field  series  coefficients  for  the  field  scattered  from  particle  2  incident  upon  particle  1 

Determine  from  the  most  recently  calculated  values  of  a}^,b}„: 
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=  wrm^)  [  de,  (A7) 

and 

=  7(H.lW»r)  r  ■»>  (A8) 

where 


4”’(m,02)  =  Yd  +  l)4™d< WO2  -  00 
/•  =  !  1 


(A9) 


and 


=  Y  {^ni'  +  l)4m«|'Hai7ri)P,.„(tfi)co5(6>2  -  0r) 

i'=i  * 


ri  dffi  stnSi  (AlO) 


and  where 


and 


aijaxcosvi  +  ^12 


(All) 


fi  =  ^(i,2  +  02/01005^2)*  +  (02/013171^2)*. 
Calculate  from  the  most  recently  calculated  values  of 

2  _  V^t(«2Q2)V><(tt2)-n2V><("2Q2)V>/(tt2)  .  ,(12)  ,  .(26),. 

*"*  n2V’/(»*2a2)^{‘’'(a2)- V’i'(n2a2)€j‘’(«2)  *”  *”* 

and 


n2  V>{(n2Q2)V>K02)-  0K”2Q2)0/(Q2)  .j(12)  ^  jj(26). 
V»/(fl2a2)<}‘’'(a2)-n2  0}(n2O2)^‘’(a2)  *”*  *"* 


(A12) 


(A13) 


(A14) 
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Determine  from  the  most  recently  calcrilated  values  of  ai-,bj 


(A15) 


where 


=  f;  {^/'(/'  +  l)4mil'Ho2,r2)Pi'Mco»iei  -  Si) 

*0 


(A16) 


,  ®Jr-2  Al)!/  =  ,2  ,(!)/  .  ■  ,n  n  \\ 

+  <  («2»‘2) — - rn6,,„^ ,  (Q2r2)  -.  >  ]sin(gi  -  62)} 

rj  alf2  stnvz  (A17) 


{!/'(/'  +  l)6?,„4|;>(a2,f2)P,.„(tf2)cos(0i  -  ffj) 


i-=i 


.  ‘*lri2  AWi  -  ^<^P|’m(^2)  .  2  ^(1)/  -  ^P^*m(^2)l  .  //•  /i 

+  Ti^mCt'  («2»'2) — - +  map^Cv  Hazra)— ■;  -]jin(gi  -  ^2)} 

fa  otfa  am  tfa  (A18) 


and  where 


.  _i,  9in0i  , 

9j  =  ir-  tan  *[z - -^] 

Zi2  •“  C03Cri 


(A19) 


fa  =  ai/aa\/(zi2  -  coatfi)*  +  (ainfli)*. 
Calculate  a}^,b}^  from  the  most  recently  calculated  values  of 


(A20) 


t  _  V>i(«iQi)V>i(«i)  -  «i  V’<("iQi)V>i(oi)  /  .(21)  . 


n|  V'((niai)^{‘’'(ai)  “  V’{(nic»i)^‘’(ai) 


(A21) 


.1  _  ni  tbi(niai)Hai)  ~  MniOt)t/>i(at)  .„(2i)  fl(i6)x 


(A22) 
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Iterate  the  above  equations  until  convergence  in  and 

4.)  Once  the  incident  field  series  coefficients  are  known,  the  scattered  field  series  coefficients  are 
determined  using  Eqs.  (A13),  (A14),  (A21),  and  (A22).  The  internal  field  series  coefiicients  are 
determined  using 


and 


Cjm  = 


C/m  = 


)  V>/(ai ) 


(A23) 

(A24) 

(A25) 

.2  _  /n(n)  ,  D(2k)\ 

Hn202)4j^^'(aj)-ii2^;(n2a2)(j^^(a2) 


(A26) 
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FIGURE  TITLES 

I  FIG  1.  Geometrical  arrangement  for  two  spherical  particles/arbitrary  beam  interaction  theory. 

FIG  2.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  linearly  polarized  (electric  field 
polarization  perpendicular  to  the  x-z  plane)  Gaussian  beam  propagating  in  the  6i,d  =  0°  direction 
incident  upon  two  equal  size,  same  composition  spheres.  (The  x,z  coordinates  are  normalized 
relative  to  the  radius  of  particle  1.)  qj  =  a2  =  13.337,  nj  =  nj  =  1.179  -f-  0.072i,  zi2  =  3.556,  wo 
=  2.222,  io  —  yo  —  0.0,  Zq  =  1.778,  d^d  —  O'*,  <f>l)d  —  90**,  fert  —  1.0,  Zre/  —  Vref  —  0.0,  ZreJ  — 
1.778.  [10.6  fim  wavelength  (CO2  laser),  100  fitn  waist  diameter  beaon  incident  upon  two  45  fim 
diameter  water  droplets  separated  along  the  propagation  axis  by  35  fim  surface-to-surface.] 

FIG  3.  Pulsed  laser  (At  =  10  ns)  image  of  the  explosive  fragmentation  of  the  shadow  side  water 
droplet  due  to  “focusing”  of  incident  CO2  laser  radiation  by  the  illuminated  side  water  droplet. 
The  CO2  laser  beam  is  incident  from  left-to-right.  The  droplets  are  45  fixa  in  diameter  and  are 
falling  from  top  to  bottom  through  the  focal  point  of  the  continuous  CO2  laser  beam. 

FIG  4.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  linearly  polarized  (electric 
field  polarization  perpendicular  to  the  x-z  plane)  Gaussian  beam  propagating  in  the  6bd  =  30° 
direction  incident  upon  two  unequal  size,  dissimilar  composition  spheres.  (The  x,z  coordinates  are 
normalized  relative  to  the  radius  of  particle  1.)  ai  =  14.82,  02  =  11.86,  fii  =  1.395  -I-  0.0163i,  n2 
=  1.179  -i-  0.072,  Z12  =  2.60,  tro  =  0.80,  io  =  -1.0,  yo  —  0.0,  Zq  =  0.0,  9i,d  =  30°,  <f>t,d  —  90°,  (ext  — 
1.0,  Xrej  =  Vref  =  0.0,  2re/  =  1-40.  [10.6  (im  Wavelength  (CO2  laser),  40  /zm  waist  diameter  beam 
incident  upon  a  50  fim  diameter  methanol  droplet  and  a  40  fim  diameter  water  droplet  separated 
by  20  nm  surface-to-surface.) 

FIG  5.  Number  of  iterations  required  for  three  digit  convergence  for  nonresonant  (a  =  30.286)  and 
resonant  (a  =  30.4770)  spheres  as  a  function  of  surface-to-surface  separation  distance,  nt  =  n2  = 
1.334  +  1.2xl0®i,  5,2  =  2.0  +  d.ep,  wo  =  0.4007,  io  =  W  =  0.0,  io  =  -1165,  9td  =  90°,  <l>bd  =  0°, 
fext  =  l-O. 

FIG  6.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  focused  beam  incident  upon 
two  adjacent  resonant  particles,  a,  =  02  =  30.4770,  n,  =  n2  =  1.334  +  1.2xl0“*i,  tbo  =  0.4007, 
io  —  iio  ~  0.0,  io  —  -1.165,  9bd  —  90°,  ~  0°,  (ext  ~  1.0,  i,2  —  2.2,  ire/  ~  Vrtf  ~  0.0,  ^re/ 
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=  1.10.  [0.5145  fim  wavelength  (argon-ion  laser),  2  /rm  waist  diameter  beam  incident  upon  two 
4.9912  fim  diameter  water  droplets  (35‘'‘  mode  electric  wave  resonance).] 

FIG  7.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  focused  beam  incident  upon 
two  adjacent  nonresonant  particles.  01=02=  30.286,  ni  =  62  =  1.334  +  1.2xl0~®i,  wq  =  0.4007, 
io  =  yo  =  0.0,  ZO  =  -1.165,  Obd  =  90®,  4>kd  =  0®,  =  1.0,  Z12  =  2.2,  ire/  =  Vref  =  0.0,  Zref  = 

1.10.  [0.5145  fim  wavelength  (argon-ion  laser),  2  fim  waist  diameter  beam  incident  upon  two  4.96 
fim  diameter  water  droplets  (nonresonance).] 

FIG  8.  Geometrical  arrangement  for  far  field  scattering  calculations.  Particle  1  is  fixed  in  position 
at  the  focal  point  of  the  beam  while  the  position  of  particle  2  is  varied.  The  electric  field  polarization 
of  the  incident  beam  is  in  the  X6  axis  direction.  ^//  is  the  far  field  scattering  angle  relative  to  the 
beam  propagation  axis.  Obdi  is  the  orientation  angle  of  particle  2  relative  to  the  beam  propagation 
axis.  ai  =  02  =  1.334-|-1.2x  10“®,  wq  =  2.22,  xo  =  j/o  =  ^  =  0.0,  text  =  1-0,  [0.5145  fim  wavelength 
(argon-ion  laser),  4  fim  waist  diameter  beam  incident  upon  two  adjacent  1.8  fim  diameter  water 
droplets.] 

FIG  9.  Normalized  scattering  intensity  as  a  function  of  far  field  scattering  angle  for  a  single  particle 
(ztj  =>  00).  a.)  Xi  -  Zb  plane,  beam  incidence,  b.)  n  —  Zb  plane,  plane  wave  incidence,  c.)  j/b  —  Zb 
plane,  beam  incidence,  d.)  x/b  -  Zb  plane,  plane  wave  incidence. 

FIG  10.  Normalized  scattering  intensity  in  the  X{,  -  Zb  plane  as  a  function  of  far  field  scattering 
angle.  Particle  2  in  the  Xb  -  Zb  plane  and  positioned  one  diameter  surface-to-surface  from  particle 
1  izi2  =  4.0).  a.)  9bd2  =  0®,  b.)  9bd2  =  30®,  c.)  Bbdt  =  60®,  d.)  =  90®,  e.)  9bd2  =  120®,  f.) 

9bd2  =  150®,  g.)  9bd2  =  180®. 

FIG  11.  Normalized  scattering  intensity  in  the  -  Zb  plane  as  a  function  of  far  field  scattering 
angle.  Particle  2  in  the  Xb  -  Zb  plane  and  positioned  one  diameter  surface-to-surface  from  particle 
1  (zi2  =  4.0).  a.)  9bd2  =  0®,  b.)  9bd2  =  30®,  c.)  9bd2  =  60®,  d.)  9bd2  =  90®,  e.)  9bd2  =  120®,  f.) 
9bd2  =  150®,  g.)  9bd2  =  180®. 

FIG  12.  Normalized  scattering  intensity  in  the  xt  -  Zb  plane  as  a  function  of  far  field  scattering 
angle.  Particle  2  positioned  perpendicular  to  the  beam  propagation  axis  (9bd2  =  90®).  a.)  Z12  =  4.0, 
b-)  *12  =  6.0,  c.)  zi2  =  12.0,  d.)  Z12  =  18.0,  e.)  iu  ^  00. 
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FIG  13.  Normalized  scattering  intensity  in  the  y*  -  zi,  plane  as  a  function  of  far  field  scattering 
angle.  Particle  2  positioned  perpendicular  to  the  beam  propagation  axis  (8i,d2  =  90").  a.)  zu  =  4.0, 
b.)  Zu  =  6.0,  c.)  Zu  =  12.0,  d.)  zu  =  18.0,  e.)  zu  oo. 

FIG  14.  Normalized  scattering  intensity  in  the  Zs  -  z/,  plane  as  a  function  of  far  field  scattering 
angle.  Particle  2  positioned  on  the  beam  propagation  axis  =  0").  a.)  zu  =  4.0,  b.)  zu  = 
10.0,  c.)  Zu  =  20.0,  d.)  Zu  =  50.0,  e.)  zu  =  100.0,  f.)  zu  =>  <»• 


FIG  15.  Normalized  scattering  intensity  in  the  yt  -  z^  plane  as  a  function  of  far  field  scattering 
angle.  Particle  2  positioned  on  the  beam  propagation  axis  (ffi,d2  =  0®).  a.)  zu  =  4.0,  b.)  zu  = 
10.0,  c.)  Zu  =  20.0,  d.)  Zu  =  50.0,  e.)  zu  =  100.0,  f.)  zu  =>•  <». 
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FIG  1.  Geometrical  arrangement  for  two  spherical  particles/arbitrary  beam  interaction  theory. 
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FIG  2.  Nomalized  source  function  distribution  in  the  x-z  plane  for  a  linearly  polarized  (electric  field 
polarization  perpendicular  to  the  x-z  plane)  Gaussian  beam  propagating  in  the  0m  =  0^  direction 
incident  upon  two  equal  size,  same  composition  spheres.  (The  x,z  coordinates  are  normalized 
relative  to  the  radius  of  particle  1.)  ai  s  O]  =  13.337,  ni  s  nj  =  1.179  +  0.072,  212  =  3.556,  wo 
=  2.222,  zo  =  ^  =  0.0,  zq  —  1.778,  0m  —  0®,  ^m  “  90®,  Ccxt  —  1.0,  Zre/  —  jfrtj  —  0.0,  — 

1.778.  [10.6  fim  wavelength  (CO2  laser),  100  ftm  waist  diameter  beam  incident  upon  two  45  (itn 
diameter  water  droplets  separated  along  the  propagation  axis  by  35  fim  surface-to-surface.] 
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FIG  3.  Pulsed  Iciser  (At  =  10  ns)  image  of  the  explosive  fragmentation  of  the  shadow  side  water 
droplet  due  to  “focusing”  of  incident  CO2  laser  radiation  by  the  illuminated  side  water  droplet. 
The  CO2  laser  beam  is  incident  from  left-to- right.  The  droplets  are  45  /xm  in  diameter  and  are 
falling  from  top  to  bottom  through  the  focal  point  of  the  continuous  CO2  laser  beam. 


I 

i 

( 


24 


FIG  4.  Normalized  source  function  distributicm  in  the  x-z  plane  for  a  linearly  polarized  (electric 
field  polarization  perpendicular  to  the  x-z  plane)  Gaussian  beam  propagating  in  the  fiu  =  30® 
direction  incident  upon  two  unequal  size,  dissimilar  composition  spheres.  (The  x,z  coordinates  are 
normalized  relative  to  the  radius  of  particle  1.)  aj  =  14.82,  07  =  11.86,  fii  =  1.395  -1-  0.0163i,  62 
=  1.179  +  0.072i,  I12  =  2.60,  Wo  =  0.80,  io  =  -1.0,  =  0.0,  zo  =  0.0,  fiu  =  30®,  =  90®,  €„,  = 

1.0,  Xrtf  =  Vrtj  -  0.0,  Zre/  =  1-40.  [10.6  /xm  Wavelength  (CO2  laser),  40  \im  waist  diameter  beam 
^  incident  upon  a  50  /xm  diameter  methanol  droplet  and  a  40  /xm  diameter  water  droplet  separated 

by  20  nm  surface-to-surface.] 

_L 
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FIG  5.  Number  of  iterations  required  for  three  digit  convergence  for  nonresonant  (a  =  30.286)  and 
resonant  (q  =  30.4770)  spheres  as  a  function  of  surface-to-surface  separation  distance.  ni  =  nj  = 
1.334  +  1.2xl0*i,  ii2  =  2.0  +  d„p,  wq  =  0.4007,  io  =  yo  =  0.0,  zo  =  -1.165,  0m  =  90“,  <j>M  =  0®, 

(ett  —  1.0. 
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FIG  6.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  focused  beam  incident  upon 
two  adjacent  resonant  particles.  oi  =  02  =  30.4770,  fii  =  02  =  1.334  +  l,2xl0"*i,  i&o  =  0.4007, 

ifl  “  yo  —  0.0,  ^  *1.165,  ~  90®,  ~  0®,  tfxt  —  1*0,  ^12  ~  2.2,  Zre/  ~  Vrtf  “  0.0,  ire/ 

s  1.10.  [0.5145  fim  wavelength  (argcm-ion  laser),  2  ^m  waist  diameter  beam  incident  upon  two 

4.9912  diameter  water  droplets  (35*^  mode  electric  wave  resonance).] 


I 


27 


FIG  7.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  focnsed  beam  incident  upon 
two  adjacent  nonresonant  particles,  oi  =  oj  =  30.286,  ni  =  nj  =  1.334  +  1.2xl0“*i,  wq  =  0.4007, 
^0  —  Ho  —  0.0,  zq  ~  *1.165,  0^4  ~  90*,  —  0*,  (tit  —  l-O,  rj2  =  2.2,  x^t/  —  Vrtf  —  0.0,  Zftf  = 

1.10.  [0.5145  fim  wavelength  (argon-ion  laser),  2  (im  waist  diameter  beam  incident  upon  two  4.96 
/im  diameter  water  droplets  (nonresonance).] 
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FIG  8.  Geometrical  arrangement  for  far  field  scattering  calculations.  Particle  1  is  fixed  in  position 
at  the  focal  point  of  the  beam  while  the  position  of  particle  2  is  varied.  The  electric  field  polarization 
of  the  incident  beam  is  in  the  xj  axis  direction.  ^//  is  the  far  field  scattering  angle  relative  to  the 
beam  propagation  axis.  is  the  orientation  angle  of  particle  2  relative  to  the  beam  propagation 
axis.  Qi  =  q2  =  1.334+1.2X  10“®,  Wq  =  2.22,  io  =  jio  =  =  0.0,  fext  =  10,  [0.5145  ^m  wavelength 

(argon-ion  laser),  4  /rm  waist  diameter  beam  incident  upon  two  adjacent  1.8  /xm  diameter  water 
droplets.] 
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FIG  9.  Normalized  scattering  intensity  as  a  function  of  far-field  scattering  angle  for  a  single  particle 
(ii2  =>  oo).  a.)  !(,  -  Zb  plane,  beam  incidence,  b.)  x/,  -  Zb  plane,  plane  wave  incidence,  c.)  ys  - 
plane,  beam  incidence,  d.)  j/j  -  zj  plane,  plane  wave  incidence. 
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FIG  10.  Normalized  scattering  intensity  in  the  X(,  -  zj,  plane  as  a  function  of  far-held  scattering 
angle.  Particle  2  in  the  X(,  -  zi,  plane  and  positioned  one  diameter  surface-to-surface  from  particle 
1  (5i2  =  4.0).  a.)  =  Qo,  b.)  =  30»,  c.)  0^2  =  60»,  d.)  0^^2  =  90°,  e.)  =  120°,  f.) 

0hd2  =  150°,  g.)  =  180°. 
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FIG  11.  Normalized  scattering  intensity  in  the  yi,  -  zi,  plane  as  a  function  of  far-fieid  scattering 
angle.  Particle  2  in  the  Z(,  —  Z(,  plane  and  positioned  one  diameter  surface-to-surface  from  particle 
1  (^12  =  4.0).  a.)  =  0°,  b.)  =  -30°,  c.)  9„a2  =  60°,  d.)  ^6^2  =  90°,  e.)  0^2  =  120°,  f.) 

0bd2  =  150°,  g.)  0ki2  =  180°. 
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FIG  12.  Normalized  scattering  intensity  in  the  i6  -  2(.  plane  as  a  function  of  far-field  scattering 
angle.  Particle  2  positioned  perpendicular  to  the  beam  propagation  axis  =  90®).  a.)  zu  =  4.0, 
b.)  Zi2  =  6.0,  c.)  zi2  =  12.0,  d.)  in  =  18.0,  e.)  Zi2  =>  oo. 
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0ff  [degrees] 


FIG  13.  Normalized  scattering  intensity  in  the  -  zj  plane  as  a  function  of  far-field  scattering 
angle.  Particle  2  positioned  perpendicular  to  the  beam  propagation  axis  ~  90®).  a.)  2,2  =  4.0, 
b.)  212  =  6.0,  c.)  212  =  12.0,  d.)  2,2  =  18.0,  e.)  2,2  00. 
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FIG  14.  Normalized  scattering  intensity  n  the  xi,  —  zt,  plane  as  a  function  of  far-field  scattering 
angle.  Particle  2  positioned  on  the  beam  propagation  axis  =  O**)-  a.)  iu  =  4.0,  b.)  zu  = 
10.0,  c.)  ii2  =  20.0,  d.)  zi2  =  50.0,  e.)  zu  =  100.0,  f.)  zn  =>  oo. 
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FIG  15.  Norradized  scattering  intensity  in  the  yt,  -  zi,  plane  as  a  function  of  far-field  scattering 
angle.  Particle  2  positioned  on  the  beam  propagation  axis  {0(,d2  =  0”).  a.)  zi2  =  4.0,  b.)  Zi2  = 
10.0,  c.)  zi2  =  20.0,  d.)  zi2  =  50.0,  e.)  Zu  =  100.0,  f.)  Z\2  oo. 
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Abstract 

A  theoretical  model  is  presented  for  the  formation  of  small  particle  shadow  images  in  a  single 
lens  laser  imaging  system.  The  model  uses  a  modification  of  classical  Lorenz-Mie  theory,  presented 
by  the  authors  in  an  earlier  paper,  to  calculate  the  external  electromagnetic  fields  resulting  from  the 
interaction  of  a  Gaussian  laser  beam  with  a  finite  absorbing  spherical  particle.  Propagation  of  the 
electric  field  through  the  imaging  system  components  is  developed  from  a  scalar  viewpoint  using 
the  thin  lens  transformation  and  the  Fresnel  approximation  to  the  Huygens- Fresnel  propagation 
equation.  The  theoretical  model  is  valid  for  either  transparent  or  absorbing  spheres  and  has  no 
restrictions  on  the  allowable  degree  or  direction  of  aerosol  defocus.  Direct  comparisons  between 
theoretical  calculations  and  experimental  observations  are  reported  for  53  |im  diameter  transparent 
water  droplets  and  66  ftm  diameter  absorbing  nickel  spheres  for  defocus  ranging  from  -2  mm 
(toward  lens)  to  -f-2  mm  (away  from  lens).  Theory  and  experiment  showed  good  agreement  in  the 
boundary  edge  gradient  and  the  location  of  the  external  peaks,  while  observable  differences  existed 
in  the  magnitude  of  the  central  spots.  Theoretical  results,  comparing  water  and  nickel  aerosols, 
showed  observable  differences  in  the  calculated  average  internal  intensity  (All).  In  contrast,  the 
boundary  edge  gradient  (BEG)  showed  less  dependence  on  changes  in  optical  properties  of  the 
particle.  These  results  indicate  that  criteria,  such  as  the  All,  used  in  focus  determination  must  be 
reevaluated  when  applying  in-focus  sizing  algorithms  to  aerosols  with  significantly  different  optical 
properties. 


I.  Introduction 


The  problem  of  predicting  particle  images  in  a  coherent  imaging  system  has  been  addressed  in 
several  research  papers  during  recent  years.  [1^,3]  The  imaging  problem  is  particularly  important 
in  the  area  of  aerosol  sizing  since  a  number  of  useful  diagnostic  instruments  in  aerosol  charac¬ 
terization  studies  utilize  laser-based  imaging  systems  for  analysis.  One  of  the  major  obstacles  in 
using  imaging  systems  for  particle  size  analysis  on  real  sprays  is  the  development  of  reliable  focus 
criteria  algorithms  for  distinguishing  in-focus  from  out-of-focus  aerosol  particles.  Although  empir¬ 
ical  methods  have  been  developed  which  perform  adequately  for  particular  applications,  [4,5,6]  an 
accurate  theoretical  model  to  investigate  the  effects  of  index  of  refraction  and  particle  defocus  on 
various  measurable  properties,  would  be  extremely  informative  to  researchers  using  laser  imaging 
systems.  Among  the  particle  properties  of  interest  when  performing  aerosol  size  measurements 
are  the  average  internal  intensity  (All)  of  the  particle  and  boundary  edge  gradient  (BEG).  These 
properties,  which  change  depending  on  the  degree  of  particle  defocus,  have  been  used  successfully 
for  focus  determination  in  the  real-time  sizing  of  water  aerosol  sprays,  and  direct  comparison  to 
light  scattering  instruments  has  shown  good  agreement.  [6,7,8]  Another  advantage  of  developing 
an  accurate  theoretical  model  of  the  laser  imaging  problem  may  become  apparent  when  attempt¬ 
ing  to  extend  real-time  aerosol  sizing  technology  to  the  submicron  size  range.  In  this  size  range, 
a  theoretical  model  of  the  particle  image  formation  may  become  more  important  for  instrument 
calibration  since  there  are  presently  no  reliable  calibration  sources  which  would  allow  simultaneous 
variation  of  particle  size  and  position  within  the  test  region. 

In  earlier  attempts  at  similar  modeling  of  laser  imaging  problems,  [1,2]  a  necessary  assumption 
in  the  developments  was  to  treat  the  spherical  absorbing  particles  as  opaque  disks.  However,  in 
a  recent  paper  by  English  and  George,  [9]  it  was  shown  that  the  axial  fields  are  not  the  same  for 
metal  spheres  and  conducting  disks  in  the  near  field  region.  In  an  earlier  paper,  [3]  we  presented  a 
theoretical  model  for  incident  plane  wave  imi^ng  of  spherical  particles  using  classical  Lorenz- Mie 
theory  with  the  assumption  that  the  z-component  of  the  external  electric  field  was  axisymmetric. 
In  this  paper,  we  consider  the  more  general  case  of  an  incident  Gaussian  beam  illuminating  the 
spherical  particle.  The  corresponding  plane  wave  case  can  always  be  reproduced  by  allowing  the 
waist  diameter  of  the  beam  to  become  large.  In  addition,  the  phi  dependence  of  the  z-component 
of  the  external  electric  field  has  been  included  in  the  present  model.  Direct  comparisons  are  made 
between  experiment  and  theory  for  absorbing  nickel  spheres  and  transparent  water  droplets  at 
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various  degrees  of  defocus.  Calculations  are  also  presented  for  the  variation  of  All  and  BEG  as  a 
function  of  aerosol  size,  defocus,  and  optical  properties. 

II.  Theory 

The  general  approach  to  the  theoretical  model,  which  will  be  outlined  in  this  section,  can 
be  summarized  in  three  steps.  The  first  step  is  to  calculate  the  z-component  of  the  external 
electromagnetic  field  resulting  from  the  interaction  of  the  Gaussian  beam  with  the  particle  using 
exact  series  expressions  presented  in  an  earlier  paper  by  Barton  et  al.  [10]  Appropriate  phase  shifts 
are  then  introduced  to  the  portions  of  the  external  electric  fields  which  are  collected  by  the  aperture 
and  ima^ng  lens.  Alter  passing  through  the  imaging  lens,  the  electric  field  can  then  be  propagated 
to  the  image  plane  through  the  use  of  the  Fresnel  prop^ation  equation. 

The  derivation  for  the  theoretical  model  of  this  imaging  problem  relies  on  several  assumptions 
which  simplify  the  analytical  approach.  Referring  to  Fig.  1,  a  smooth,  spherical,  homogeneous, 
finite  absorbing  particle  of  radius,  a,  is  located  on  the  imaging  system  axis  at  an  axial  location, 
Zq.  The  incident  electromagnetic  field  is  taken  as  a  Gaussian  beam  with  waist  diameter  2wo,  &nd 
dominant  electric  field  polarization  in  the  z-direction.  The  beam  axis  and  the  imaging  system  axis 
are  assumed  coincident  in  the  z-direction.  Note  that  in  the  foUowing  development  it  is  not  necessary 
to  assume  the  particle  lies  at  the  beam  focal  point,  only  that  it  is  somewhere  on  the  z-axis.  In 
general,  the  imaging  problem  can  be  formulated  for  situations  in  which  the  imaging  system  axis 
and  beam  propagation  axis  are  different,  however,  the  numerical  evaluation  of  the  results  becomes 
more  time  consuming.  The  propagation  of  the  field  from  the  imaging  system  lens  to  the  image 
plane  is  accomplished  using  scalar  diffraction  theory.  For  the  particular  case  under  consideration, 
the  z-component  of  the  external  electric  field  is  assumed  the  dominant  field  component  transmitted 
through  the  imaging  system.  This  assumption  can  be  verified  by  direct  computation  of  the  external 
field  components  and  is  physically  reasonable  since  the  incident  field  has  dominant  polarization  in 
the  z-direction.  A  great  deal  of  previous  work  exists  which  has  examined  the  validity  of  using  scalar 
theory  in  modeling  the  propagation  of  electromagnetic  energy.  [1 1 ,12,13,14,15]  In  particular,  the  use 
of  the  Fresnel  approximation  to  the  Huygens-Fresnel  equation  has  received  considerable  attention 
due  to  the  computational  advantages  it  presides.  [16,17]  The  use  of  the  FYesnel  approximation, 
however,  imposes  certain  restriction  over  the  range  in  which  one  can  expect  accurate  results.  In 
this  paper,  the  criterion  of  Goodman  [11]  has  been  used  which  states  that,  provided  the  distance 
Z33  satisfies  the  relation, 

z|j  =  (Z3  -  z,)®  >>  ^[(Z3  -  X2)’  +  (k3  -  y2)*]L..  (1) 
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the  electric  field  distribution  in  plane  23  (image  plane)  can  be  expressed  in  terms  of  the  electric 
field  distribution  in  plane  Z2  (rear  lens  surface)  by  using  the  Fresnel  approximation  to  the  Huygens- 
Fresnel  equation, 

£3(13, yz)  =  J  ^2(a:2,Jfti)exp  [(x3  -  *2)*  +  (»3  -  w)*]  j  dxzdyz-  (2) 

In  this  equation,  E  denotes  the  z-component  of  the  external  electric  field  and  the  numerical  sub¬ 
scripts  denote  evaluation  of  the  particular  quantity  in  a  2  =  constant  plane.  Note  that  for  a  2  = 
constant  plane,  ^  =  x/2  so 

Xm.  =  TmCOS^m,  (3) 

Vm  =  r„sin<^„,  (4) 


where  m  is  an  integer  representing  the  particular  z  =  constant  plane  under  consideration.  The 
angle  <j>  is  measured  with  respect  to  the  -f-x-axis  in  the  direction  of  the  -|-y-axis.  Equation  (2)  can 
then  be  written, 

Ezirz,<h)  =  ^2(r2» <^) exp  I ~  J( ra cos (fe  -  T2 cos <t>2f 

-h  (jz  sin  <f>z  -  Tz  sin  ^)*j  |r2dr2d^.  (5) 


Simplifying  the  term  in  (  ],  Eq.  (5)  becomes, 

tr  t  exp(iA:232)exp(j*r|/2232) 


£3(^3,  <h)  = 


X  exp 


iXz32 

'-ikrzTz 


C08{<h  -  <fe)j 


Tzdrzddft- 


To  relate  the  field  at  the  lens  back  to  the  field  incident  on  plane  z\ ,  the  imaging  lens  used  in  the 
system  is  assumed  to  be  a  pure  dielectric  and  to  possess  symmetry  about  the  imaging  system  axis. 
Probably  the  most  straightforward  approach  would  be  to  utilize  the  thin  lens  transformation  as 
presented  by  Goodman[ll], 

xkT^  1 

~2f^y 


where  Ao  is  the  lens  thickness  and  /  is  the  focal  length.  In  this  expression,  the  paraxial  ray 
approximation  was  utilized  in  which  the  spherical  lens  surface  is  approximated  by  a  parabolic 
surface.  As  shown,  the  phase  transformation  introduced  by  the  lens  is  composed  of  a  constant 
phase  delay  dependent  on  the  lens  thickness  and  a  variable  phase  delay  which  is  a  function  of  the 
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radial  distance  from  the  axis  of  the  lens.  In  this  expression,  any  refraction  through  the  lens  is 
neglected  thus  making  r2  =  ri-  Using  Eq.  (7),  the  x-component  of  the  electric  field  in  the  image 
plane  can  be  written  as, 


E3{r3,<h)  =  P  £i(ri,^)exp  ~  j)]  co8(<^  -  (8) 


where. 


exp(ifcn  Ao)  exp(  **232 )  exp(  t*:r|^32 ) 


and  use  has  been  made  of  the  fact  that  =  tfn  from  symmetry.  Note  the  electric  field  that  exists 
within  the  aperture  is  assumed  to  be  the  same  field  that  is  incident  on  the  aperture,  which  in  this 
case  is  the  z-component  of  the  external  electric  field  resulting  from  the  interaction  of  the  laser 
beam  with  the  particle.  For  situations  where  the  dimensions  of  the  aperture  are  much  larger  than 
the  wavelength,  this  is  a  reasonable  assumption.  Defining, 

(10) 

^32 

Eq.  (8)  can  be  rewritten  in  nondimensional  form  as, 

E3(h,<h)  =  “  7)]^*  Jo  -  4>j)]d<ih.dh  (11) 


where  a  =  2ira/X,  and 


a  exp(ton^)  exp(»a232)  exp{iaf\l2z32) 

2X1232 


All  spatial  variables  have  been  normalized  by  the  particle  radius.  To  greatly  simplify  numerical 
calculations,  the  angular  integral  in  Eq.  (11)  can  be  evaluated  exactly  by  first  expanding  the  z- 
component  of  the  external  electric  field  in  plane  21  into  the  separate  incident  and  scattered  portions 


giving. 


Ex(h,<h)  =  ^~(ri  ,<h)  +  (n ,  ^ ). 


Note  that  (ri,^i)  can  be  expressed  equivalently  as  (pio,0,^i)  as  shown  in  Fig.  1.  The  scattered 
field  can  be  expressed  in  terms  of  spherical  components, 

^r“(Pio,®.<Ai)  =  El°‘{^o,9,4>i)Bm9fx»4>x 

+  ^#“(pio.®,^i)co«®cos^  -  £J“(pio,fl,^)8in0i.  (14) 
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Substituting  the  nondimensional  exact  series  expressions  for  the  electric  field  components  ^ven  in 
Ref.  [10],  the  scattered  field  can  be  written  as, 

=  sinflcos<^(4“)  H  H  + 

VPlO/ 

+  COstfcOSd>l(^)52 
-  <^)/  sin  B 

X  ^i)/  sin  B  -  th/m€p*(opio)^yim(^, ^i)j ,  (15) 


where  Y\m  is  the  spherical  harmonics  function  as  defined  by  Jackson  [18],  a/m  and  h/m  are  the 
external  scattering  coefficients,  and  4/^^(apio)  =  V’/(o'^o)  “  are  the  Riccati- Bessel  func¬ 

tions.  Primes  denote  differentiation  with  respect  to  the  function  argument.  For  complete  details 
of  the  derivation,  the  reader  should  refer  to  the  paper  by  Barton  et  al.  [10].  For  the  special  case 
under  consideration  of  a  spherical  particle  located  on  the  propagation  axis  of  a  Gaussian  beam, 
non-zero  scattering  coefficients  exist  only  for  the  jmj  =  1  terms.  [19]  In  addition,  the  plus  and 
minus  m  terms  can  be  related  by,  a/^  =  -a/,_i  and  6/,i  =  As  well  as  reducing  the  field 

component  expressions  to  single  summations  over  /,  the  evaluation  of  the  scattering  coefficients  is 
also  simplified  from  two-dimensional  surface  integrals  to  line  integrals  over  theta.  Equation  (15) 
can  be  further  simplified  by  noting  that  Yi^^i{B,<t>i)  =  -y,*j(fl,^i),  where  the  asterisk  denotes  the 
complex  conjugate.  The  simplified  form  for  the  x-component  of  the  scattered  field  can  then  be 
expressed  as. 


A*“(Pio, 9,<l>i)  =  cos*  4>t  ( 51  +  i)^l^\opio)ai,iFiPl^\cos B)  -  cos*  <f>i  ( 

V  Pio  /  ^  \  Pio  / 

^  E  U.i^/ ‘^(aPio)/»  sin  tfP/‘>'(cos  B)  b,,i^l^\a^o)FiPl%os  B)l  sin  b] 

-b  sin*  E  B)/  sin  B 

+  b,,i^\^\apto)Fi  sin  BPf^^  {cos  »)] ,  (16) 

where  the  coefficient  /}  is  defined  as, 


2/+  1 
4ir/(/+l) 


(17) 
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Since  the  phi  dependence  now  appears  explicitly,  the  x-component  of  the  scattered  electric  field 
component  can  be  written  as, 


^**”(^101^) 01 )  —  cos^ 01  [^r(piOi -  K0{piQ,0)]  +  s\n^ <i>iK^{piQ,6)  (18) 

where, 

itrihoJ)  =  (^^)ZHl+l)(l%Pio)aj,iP/%os0)F,,  (19) 

V  Pio  / 

\  Pio  /  ^  L 

+  6u^P^(«Pio)J^i-P/^^(costf)/sintf  ,  (20) 

and 

^*(Pio,^)  =  f-r^)  [a/,i^P^'(Q^io)^’|f’/'^(costf)/sind 

VPio/  ^  I 

^  6/,i^}‘^(a^o)/)/*/'^'(cos  tf)  sin  .  (21) 

To  account  for  the  incident  neld,  we  use  expressions  presented  in  earlier  work  [19,20]  in  which  the 
incident  i-direction  electric  field  component  for  a  5th-order  Gaussian  beam  can  be  written  as, 

(P6,  <>6, 01 )  =  Ft(pt,  0i)  +  F2(pt,  0i)(  *  cos2  <i>, .  (22) 

The  function  Fi  and  F2,  which  define  the  incident  Gaussian  beam,  have  been  given  explicitly  in 
Ref.  [19]  and  will  not  be  repeated  here.  The  total  external  x-component  of  the  electric  field  is 
then, 

^1(^10,  ^(.,^,^6, 01 )  =  A(^6.®s)  + 

+  Kriho,  ®)  -  Kei^o,  ^)j  cos*  0i  +  sin*  0i  k^{pio,  $)  (23) 

where  Fi,  Fj,  Kr,  Kg  and  are  all  independent  of  the  angle  0i.  Note  that  for  a  particle  at  the 
laser  focal  point,  pt,  =  p\Q  and  Bg  =  9.  Substituting  into  Eq.  (11), 

^3(^3, 03)  =  P  exp  J-t4co8(03-<^,)Jd0i 

+  +  ^r(PlO,«)  -  -^s(PlO,fl)] 

X  j  cos*  01  exp  ^  -  1/3  CO8(03  -  01  )j  d<f>i 

+  3^^(P10,  ^)  /  sin*  01  exp  [  -  0  co8(03  -  0i )]  d0i  jdfi .  (24) 
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The  angular  integrals  in  Eq.  (24)  can  be  evaluated  exactly  using  the  derived  identities, 

I  cos  exp(tm0i)  exp{-i7?  cos(0i  -  03)]  d0i 
Jo 

=  Jm+i(4)exp(»03)  +  ym-i(/3)exp(-»03)]  exp(im03). 


/■2» 

/  sin  01  exp(:m0i)  exp[— t/?  cos(0i  —  03)]d0i 
JO 

=  ir(t)"‘(-l)"*+‘[Jm+i(4)exp(i03)  +  Jm-i(4)exp(-i03)]  exp(im03). 

Substituting  for  P,  Eq.  (24)  can  then  be  written, 

-  _  a  exp(»Q232) exp{iafl/2z3i)exp(ianAo)  r*  . 


“  7)]{w)[2/i(P6,06)  +  hrpM{^— 

^r(piOi^)  -  Ke{piOf8)  +  .^^(piO»^)j  -  •^2(4)^A(P6>^6)^ 
Kt(Pio,0)  -  K${pio,9)  —  ^^(pio>^)|  cos(203)|dfi. 


Pisintff,'' 


sinks' 


where  Jq  and  J2  are  integer  order  Bessel  functions  of  the  first  kind. 

In  terms  of  intensity  in  the  image  plane, 

h{f3,<h)  =  ^3(^3103)  ^3(^3* 

+  /2(^6,<»6)f^^^)  +  KrihoJ)  -  WlO.O)  +  K^{pio,e) 

\  y^o  / 

+  ^r(^O,tf)-^«(^lO,^)-^4^1O,^)JcO8(203)|dfij  .  (28) 

Note  that  the  phi  dependence  of  the  intensity  distribution  in  the  image  plane  shows  up  explicitly 
in  the  form  of  a  term  involving  cos(203).  This  indicates  that  the  image  in  plane  2:3  is  symmetric 
with  respect  to  both  the  x  and  y  axis,  as  would  be  expected  for  an  incident  beam  pcdarized  in 
the  ^-direction.  Note  also  that  the  F  and  K  functions,  which  appear  in  the  equation  above,  are 
independent  of  the  location  of  the  observation  point.  Thus  the  values  of  the  F  and  K  terms 
can  be  calculated  once  for  all  values  of  ri  and  then  later  used  in  determining  the  intensity  at  all 
observation  points. 
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III.  Experimental  Arrangement 

To  obtain  the  experimental  data  used  for  comparison  to  the  theoretical  calculations,  a  laser¬ 
imaging  system  was  configured  as  shown  in  Fig.  2.  The  illumination  was  provided  by  a  Laser 
Energy  Inc.  pulsed  nitrogen  laser  with  a  10  ns  pulse  width  and  3.0  mm  Gaussian  waist  diameter. 
The  shadow  images  of  the  particles  were  projected  to  a  Photometries  Series  200  CCD  camera 
head  using  a  50  mm  focal  length  plano-convex  lens.  The  CCD  camera  system  possesses  a  14  bit 
gray  level  scale  and  a  pixel  resolution  of  384  by  576.  Each  water  particle  image  was  corrected 
for  nonuniformities  due  to  the  laser  illumination  and  imaging  system  components  by  subtracting 
a  background  image  (no  particles  present)  from  the  actual  particle  image.  The  resulting  particle 
image  was  then  recorded  on  a  Panasonic  TQ-3031F  optical  disk  recorder  so  that  later  analysis  could 
be  performed.  The  off-line  data  analysis  was  performed  using  a  host  computer  (Gateway  2000, 
33  MHz-386)  equipped  with  a  Data  Translation  2861  frame  grabber  and  2858  frame  processor. 
All  experimental  data  represents  an  average  of  three  separate  images  and  has  been  normalized  to 
give  a  unity  background  intensity  and  zero  intensity  corresponding  to  absolute  minimum.  The 
monodisperse  water  droplets  were  generated  using  an  Aerometrics  Inc.  vibrating  orifice  generator 
head  along  with  a  small  pressure  vessel  which  was  used  to  supply  a  constant  flow  rate  of  water.  The 
pressure  vessel  was  used  as  a  replacement  for  the  standard  mechanical  syringe  pump  to  provide  a 
more  uniform  liquid  flow  rate.  Previous  research  [21]  has  indicated  that  droplet  properties  such 
as  size  and  shape  are  extremely  sensitive  to  changes  in  flow  rate  through  the  orifice.  Solid  nickel 
spheres,  supplied  by  Duke  Scientific,  were  placed  in  the  imaging  system  by  distributing  a  small 
quantity  on  a  thin  microscope  slide  which  was  mounted  in  the  focal  plane  of  the  imaging  system. 

IV.  Results 

To  generate  numerical  results,  the  expression  given  in  Eq.  (28)  was  implemented  into  a  Fortran 
computer  code.  Initial  checks  on  the  code  were  performed  by  calculating  the  intensity  distribution 
for  small  apertures  (i.e.,  20-100  /im)  with  f  -*  oo  and  particle  complex  refractive  index  n  =  1.0 
■f  O.Oi.  Under  these  conditions,  the  calculations  were  in  agreement  with  the  results  expected  from 
diffraction  theory  for  a  circular  aperture.  Calculations  were  also  performed  for  cases  when  wo  — ^  oo 
in  which  case,  results  identical  to  previous  plane  wave  calculations  were  obtained. 

Figures  3  and  4  show  both  the  experimental  data  (open  circles)  and  the  theoretical  calculations 
(solid  line)  for  53  /xm  diameter  water  droplets  and  66  /xm  diameter  nickel  spheres,  respectively. 
In  both  cases,  the  degree  of  defocus  has  been  varied  from  -  2  mm  (defocus  toward  lens)  to  -f-2 


9 


I 


mm  (defocus  away  from  lens)  for  aperture  sizes  of  3  mm  and  5  mm.  The  choice  of  water  and 
nickel  as  test  cases  was  made  because  of  the  large  differences  in  optical  properties  in  the  ultraviolet 
region.  In  the  ultraviolet,  water  is  very  transparent  with  complex  refractive  index  [22],  h  = 
1.345  +  8.7  X  while  nickel  is  strongly  absorbing  with  index  of  refraction  [23],  n  =  1.66+2.03x. 
The  particular  aerosol  diameters  selected  for  examination  were  chosen  since  each  is  representative 
of  sizes  encountered  in  typical  sprays  and  is  such  that  adequate  resolution  can  be  obtained  with 
the  imaging  system  described  in  the  previous  section.  Other  sizes  in  the  range  from  40  /rm  to  125 
/im  have  been  examined  for  both  nickel  and  water  with  Figs.  3  and  4  representing  typical  results. 
Other  parameters  corresponding  to  the  actual  experimental  setup  are:  lens  focal  length,  /  =  50 
mm;  distance  from  lens  back  to  image  plane,  Z32  =  1039.5  mm;  distance  from  particle  to  aperture 
plane  (in-focus),  zi/  =  52.5265  mm. 

As  shown  in  Fig.  3,  the  theory  and  experiment  are  in  good  agreement  for  both  the  edge  gradient 
of  the  water  droplet  and  the  location  of  the  peaks  and  valleys  in  the  intensity  distribution.  The 
theoretical  calculations  also  show  consistent  trends  with  experimental  observation  as  the  aperture 
size  was  decreased  from  5  mm  to  3  mm  in  diameter.  By  decreasing  the  aperture  size,  high  frequency 
oscillations  in  the  intensity  distribution  are  reduced.  This  damping  of  high  frequency  effects  is 
most  visible  for  the  -  2.0  mm  case.  The  most  notable  difference  in  experiment  and  theory  is 
in  the  magnitude  of  the  central  spot.  In  most  of  the  cases  shown  in  Fig.  3,  theory  predicts  a 
brighter  central  spot  than  that  observed  experimentally.  There  are  several  possible  sources  for 
the  observed  discrepancy.  From  an  experimental  viewpoint,  it  is  unlikely  that  the  falling  water 
droplets  are  perfectly  spherical.  Previous  experience  has  shown  that  water  droplets  exiting  a 
vibrating  orifice  generator  will  oscillate  slightly  for  considerable  distances.  Any  deviation  of  the 
droplet  from  spherical  shape  would  likely  result  in  modified  centerline  intensities  due  to  the  lack 
of  perfect  symmetry.  In  addition,  the  theoretical  approach  has  utilized  both  the  idealized  thin  lens 
description  and  the  Fresnel  propagation  equation  to  model  the  propagation  of  the  electric  field 
through  the  ima^ng  system  components.  Previous  research  by  Steane  and  Rutt  [16]  has  reported 
that  the  Fresnel  approximation  does  not  produce  the  correct  on-axis  intensity  distribution  for 
the  circular  aperture  case.  This  would  suggest  that  the  use  of  the  Fresnel  approximation  may 
be  a  contributing  factor  to  the  observed  differences  between  experiment  and  theory  for  on-axis 
observation  points.  However,  the  use  of  more  general  scalar  diffraction  expressions  does  not  allow 
the  analytical  simplification  in  the  angular  integral  shown  in  section  II.,  and  likewise  would  require 
substantially  more  computation  time. 
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Figure  4  shows  the  corresponding  data  for  66  fim  diameter  nickel  spheres.  Many  character¬ 
istics  of  the  intensity  distributions  for  nickel  and  water  spheres  are  very  similar,  particularly  as 
the  particles  become  severely  defocused.  For  these  cases,  both  show  bright  central  spots  with 
surrounding  diffraction  rings.  The  two  cases  show  significant  differences,  however,  for  the  in-focus 
case.  The  water  droplet,  being  very  transparent  to  the  incident  light,  shows  a  sharp  bright  spot 
in  the  center  of  the  droplet.  The  nickel  sphere,  in  contrast,  remains  essentially  at  zero  intensity 
throughout  the  interior  of  the  droplet.  The  oscillations  in  the  theoretically  calculated  intensities  far 
from  the  droplet  edge,  particularly  significant  for  the  3  mm  aperture  calculations,  also  appeared  in 
the  calculations  by  Thompson  and  Malyak  [1],  and  are  caused  by  diffraction  effects  at  the  aperture 
edge.  These  effects  do  not  appear  for  the  5  mm  cases  because  the  3.0  mm  diameter  Gaussian  beam 
provides  little  energy  at  the  aperture  edge.  For  this  case,  the  aperture  serves  only  to  limit  the 
collection  of  the  scattered  electric  fields  from  the  particle  while  not  significantly  influencing  the 
incident  field. 

V.  Particle  Sizing  Applications 

To  better  quantify  the  differences  between  images  formed  by  transparent  water  droplets  and 
absorbing  nickel  spheres,  both  the  average  internal  intensity  (All)  and  boundary  edge  gradient 
(BEG)  were  examined  as  a  function  of  particle  size  and  particle  defocus.  As  discussed  previously, 
these  parameters  were  used  in  the  aerosol  sizing  systems  of  BertoUini  et  al.  [4],  and  Wiles  [6] 
as  indicators  of  the  degree  of  particle  defocus.  Since  neither  property  depends  directly  on  the 
magnitude  of  the  central  spot,  the  computations  would  be  expected  to  provide  reliable  results. 

The  All  is  determined  by  summing  all  intensity  values  which  fall  below  0.25  times  the  back¬ 
ground  intensity,  4,  and  dividing  by  the  total  number  of  contributing  points.  Since  coherent 
illumination  is  linear  with  respect  to  complex  amplitude,  the  threshold  value  of  0.25  times  the 
background  intensity  was  used  to  locate  the  corresponding  particle  edge.  Note  that  for  the  calcu¬ 
lations  to  be  presented,  4  has  been  normalized  to  unity.  The  curves  of  All,  presented  in  Fig.  5, 
show  minimum  values  near  the  im^ng  system  focal  plane  and  increase  in  value  as  the  particles 
become  more  severely  defocused.  For  a  given  aerosd  size,  the  All  for  nickel  spheres  is  lower  than 
that  for  corresponding  water  droplets.  In  addition,  the  curves  for  nickel  spheres  show  smoother 
variation  as  the  particles  become  defocused.  Both  these  trends  can  be  attributed  to  the  fact  that 
no  refractive  effects  occur  for  opaque  nickel  spheres.  Note  that  the  All  for  both  nickel  and  war 
ter  tends  to  be  higher  for  particles  defocused  towards  the  lens  (i.e.,  negative  values  of  defocus). 
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The  All  curves  also  show  a  decreasing  intensity  and  a  tendency  to  flatten  as  the  particles  size 
increases.  Also,  the  percentage  change  in  All,  as  a  function  of  particle  size,  decreases  substantially 
as  the  particle  diameters  become  larger.  These  general  trends  in  the  behavior  of  the  All  were  also 
observed  experimentally  in  the  work  by  Wiles  [6]  in  which  static  opaque  disks  were  examined  at 
various  degrees  of  defocus.  His  work  showed  that  the  change  in  All  as  a  function  of  size  occurs  very 
rapidly  for  small  diameters  (i.e.,  10  -  30  fim.  diameter)  but  tended  to  decrease  rapidly  for  diameters 
larger  than  about  60  /im.  Another  interesting  point  to  be  noted  from  Fig.  5  is  the  behavior  of  the 
All  curve  for  a  particle  diameter  of  20  /im.  As  the  particle  defocus  approaches  approximately  0.3 
mm,  the  All  curve  no  longer  shows  a  uniform  increase,  as  was  the  case  for  larger  diameters,  but 
actually  begins  decreasing.  The  point  at  which  the  AH  curve  begins  decreasing  can  be  identifled  as 
the  allowable  depth  of  field  of  the  imaging  system  when  using  All  to  characterize  particle  defocus. 
For  this  specific  case,  a  depth  of  field  of  approximately  1300  /im  would  allow  characterization  of 
particles  with  diameters  greater  than  20  /im.  This  depth  of  field  will  decrease  correspondingly  as 
one  attempts  to  measure  smaller  particle  sizes. 

The  second  aerosol  property  examined,  which  is  applicable  to  focus  determination,  is  the  bound¬ 
ary  edge  gradient  (BEG).  The  BEG  represents  the  slope  of  the  particle  intensity  distribution  eval¬ 
uated  at  0.75/6  &nd  0.25/6.  As  expected,  the  BEG  peaks  for  particle  positions  near  the  focal  plane 
of  the  imaging  system  and  decreases  as  the  particles  become  more  severely  defocused.  As  was  the 
case  when  examining  the  All,  the  BEG  curves  also  show  asymmetry  with  respect  to  the  imaging 
system  focal  plane.  In  contrast  to  the  behavior  of  the  All,  however,  the  BEG  shows  increases 
roughly  in  proportion  to  the  diameter  increase.  Comparing  the  behavior  of  the  BEG  for  water  and 
nickel  spheres  indicates  very  little  difference  in  the  magnitude  and  variation  in  the  values.  This 
fact  would  suggest  that  the  BEG  is  primarily  a  function  of  the  droplet  geometry,  rather  than  the 
optical  properties  of  the  aerosol. 

VI.  Conclusions 

A  scalar  modeling  technique  has  been  developed  which  allows  the  calculation  of  defocused 
aerosol  images  formed  in  a  laser- based  imaging  system.  The  technique  has  no  restrictions  on  the 
allowable  degree  or  direction  of  particle  defocus  and  can  be  used  for  either  absorbing  or  transparent 
particles.  The  aerosol  particle  can  be  located  at  any  position  on  the  z-axis  of  a  5th-order  Gaussian 
beam.  To  examine  the  validity  of  the  theoretical  model,  experimental  images  were  obtained  using  a 
nitrogen  laser  source  and  CCD  camera  system.  Direct  comparison  between  experiment  and  theory, 
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using  both  53  fim  diameter  water  droplets  and  66  /im  diameter  nickel  spheres,  has  shown  good 
agreement  in  the  intensity  distributions  for  positions  off  the  optical  axis.  The  differences  observed 
between  experiment  and  theory  for  points  along  the  optical  axis  were  attributed  to  errors  introduced 
by  the  Fresnel  propagation  equation.  Calculations  of  aerosd  properties  relevant  to  particle  sizing 
have  provided  additional  validity  for  the  use  of  average  internal  intensity  and  boundary  edge 
gradient  for  characterization  of  aerosol  focus.  The  modeling  technique  also  demonstrates  the 
ability  to  establish  depth  of  field  for  ^ven  particle  sizes  and  imaging  system  geometries,  based 
on  theoretical  considerations. 
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Figure  Labels 

Fig.  1  Imaging  system  geometry. 

Fig.  2  Experimental  arrangement. 

Fig.  3  Comparison  between  theory(soli<l  line)  and  experiment  (open  circles)  for  53  pm  diameter 
water  droplets  (n  =  1.345  +  8.7  X  10~^t)  illuminated  by  a  Gaussian  beam  (A  =  337  nm,  wo 
=  1.5  mm)  for  defocus  ranging  from  -2  mm  to  +2  mm.  The  aperture  diameters,  2ra,  used  in 
the  system  were  3  mm  and  5  mm,  respectively. 

Fig.  4  Comparison  between  theory( solid  line)  and  experiment  (open  circles)  for  66  pm  diameter 
nickel  spheres  (n  =  1.66  +  2.03t)  illuminated  by  a  Gaussian  beam  (A  =  337  nm,  wq  =  1.5 
mm)  for  defocus  ran^ng  from  -2  mm  to  +2  mm.  The  aperture  diameters,  2ro,  used  in  the 
system  were  3  mm  and  5  mm,  respectively. 

Fig.  5  Average  internal  intensity  as  a  function  of  particle  size  and  defocus  for  water  droplets  with 
n  =  1.345+8.7X  10"®i  (top)  and  nickel  spheres  with  n  =  1.66  +  2.03»  (bottom).  In  both  cases, 
illumination  is  by  a  Gaussian  beam  (A  =  337  nm,  wq  =  1.5  mm)  with  aperture  diameter,  2ra 
=  5  mm. 

Fig.  6  Boundary  edge  gradient  as  a  function  of  particle  size  and  defocus  for  water  droplets  with 
n  =  1.345  +  8.7X  10"®«  (top)  and  nickel  spheres  with  n  =  1.66  +  2.03t  (bottom).  In  both  cases, 
illumination  is  by  a  Gaussian  beam  (A  =  337  nm,  Wo  =  1.5  mm)  with  aperture  diameter,  2ra 
=  5  mm. 
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Abstract 

Results  have  been  obtained  for  the  interaction  of  KrF  excimer  laser  radiation  (A  =  248  nm, 
tpu/«e  =  1"  Its)  with  60  nm  diameter  distilled  water  droplets  for  irradiance  values  ranging  from  3 
to  230  GW/cm^.  Laser  images  of  the  droplet  breakup  during  the  time  intervals  from  0  to  100  ns 
indicate  the  dynamic  breakup  processes  to  be  highly  nonlinear.  At  low  irradiance  (3  GW/cm*) 
material  is  ejected  from  both  the  illuminated  and  shadow  hemispheres  of  the  droplet,  in  qualitative 
agreement  with  the  location  of  the  electric  field  peaks  predicted  by  plane  wave  Lorenz-Mie  theory 
calculations.  As  the  irradiance  is  increased,  the  interaction  on  the  shadow  hemisphere  becomes 
stronger  while  the  interaction  on  the  illuminated  hemisphere  decreases.  This  nonlinear  behavior  is 
attributed  to  rapid  electrical  breakdow'n  of  the  droplet  near  the  shadow  surface.  The  breakdown 
region  destroys  the  ability  of  the  droplet  to  redirect  energy  tow'ard  the  front  hemisphere  of  the 
droplet.  Without  this  mechanism,  the  localized  electric  field  maxima  near  the  illuminated  surface 
of  the  droplet  cannot  arise.  Measurements  were  also  taken  of  the  average  material  velocities  during 
the  time  interv’als  from  0  to  50  ns  after  arrival  of  the  high  energy  pulse.  Velocities  ranged  from 
1000  m/s  at  3  GW/cm^  to  6000  m/s  at  230  GW/cm*. 


I.  Introduction 


The  interaction  of  intense  laser  radiation  with  liquid  droplets  has  been  widely  investigated  dur¬ 
ing  recent  years  in  attempts  to  better  understand  the  fundamental  physics  governing  the  interac¬ 
tion.  Numerous  experimental  investigations  have  been  performed  including  those  examining  plasma 
formation,^'®  shock  propagation,®  and  electrostrictive  effects^  that  occur  during  the  laser/aerosol 
interaction.  Theoretical  models  have  also  been  developed  to  predict  the  behavior  of  droplets  under 
high  energy  laser  irradiation.®'®  Due  to  the  complexity  of  the  problem,  most  theoretical  modeling 
of  the  nonlinear  processes  has  utilized  plane  wave  theory  in  the  analysis.  Recent  work,  however, 
hcis  generalized  the  modeling  of  the  electromagnetic  field  to  include  particles  located  at  an  arbi¬ 
trary  position  illuminated  by  an  arbitrarily  defined  incident  beam.^®’*^  However,  accounting  for 
the  influence  of  spatial  s-arying  droplet  properties,  initial  plasma  formation,  and  heat  transfer  make 
the  laser/aerosol  interaction  problem  nonlinear  and  extremely  complex.  In  this  paper  we  present 
further  experimental  evidence  of  the  nonlinear  behavior  for  high  energy  KrF  laser  pulses  (A  = 
248  nm)  incident  on  distilled  water  droplets  of  diameter  d  =  60  /xm,  for  irradiance  values  ranging 
from  3  GW/cm^  to  230  GW/cm^.  We  also  attempt  to  explain  the  experimental  observations  using 
computational  results  generated  from  the  arbitrary  beam  theory  which  was  presented  in  an  earlier 
paper.'®  The  results  presented  in  this  paper  should  contribute  to  a  better  understanding  of  the 
nonlinear  behavior  of  «ierosol  breakup  resulting  from  high  energy  laser  illumination. 


II.  Experimental  Setup 

A  schematic  of  the  experimental  setup  used  in  the  research  is  shown  in  Fig.  1.  The  high  energy 
laser  beam  is  produced  by  a  KrF  excimer  laser  (Questek  model  2860,  A  =  248  nm)  using  unstable 
optics  and  is  focused  using  a  plano-convex  lens  (d  =  50  mm,  f  =  200  mm).  The  full  width  at  half 
maximum  (FWHM)  cross  section  of  the  high  energy  beam  at  the  focal  point  was  determined  by 
translating  a  knife-edge  through  the  probe  volume  and  was  found  to  be  approximately  95  /xm  x 
115  pm  (wlO*  pm^).  An  imaging  beam  from  a  second  excimer  laser,  identical  to  the  first  with 
the  exception  of  using  stable  resonator  optics  and  operating  on  ArF  gas  (A  =  193  nm),  is  incident 
in  a  direction  orthogonal  to  both  the  high  energy  pulse  and  the  motion  of  the  water  droplets. 
The  193  nm  imaging  laser  was  used  to  obtain  higher  resolution  real-time  images  as  well  as  to 
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allow  elimination  of  elastically  scattered  incident  radiation  from  the  high  energy  pulse  by  placing 
a  193  nm  bandpass  filter  in  line  with  the  imaging  optics.  The  FWHM  duration  of  the  excimer 
laser  pulses  were  measured  using  both  a  fast  photodiode  (Hamamatsu  model  C1083)  and  streak 
camera  (Hamamatsu  M2548  slow  speed  streak  unit)  and  were  found  to  be  approximately  17  ns. 
The  imaging  pulses  were  synchronized  with  the  high  energy  pulses  by  using  an  analog/digital  delay 
unit  (Questek  9200  laser  sync/delay  unit)  while  simultaneously  monitoring  the  output  pulse  using 
the  photodiode  and  a  digitizing  oscilloscope  (Hewlett  Packard  model  54200A).  The  delay  between 
high  energy  pulses  and  imaging  pulses  could  be  varied  from  0  to  100  fis  in  increments  of  10  ns. 
The  jitter  for  the  entire  system  is  approximately  1?  ns.  The  monodisperse  water  droplets  were 
generated  using  a  vibrating  orifice  generator  (TSI  model  3450)  and  were  allowed  to  fall  in  the 
direction  of  the  gravitational  field  perpendicular  to  both  the  high  energy  beam  and  the  imaging 
beam.  The  real  time  images  were  viewed  using  a  UV  sensitive  vidicon  (Cohu  2006  camera  system) 
in  conjunction  with  a  digital  image  processing  system'^.  Use  of  the  image  processing  system  allows 
accurate  determination  of  the  particle  size  prior  to  explosive  breakup  and  the  distance  expelled 
material  travels  during  the  laser/aerosol  interaction.  The  images  were  stored  on  an  optical  memory 
disk  recorder  (Panasonic  model  TQ-2023F)  so  that  later  analysis  could  be  performed  on  the  images. 


III.  Experimental  Results 

Figure  2  shows  typical  images  of  water  droplets  0,  20,  40,  and  100  ns  after  arrival  of  3  GW/cm^ 
KrF  (A  =  248  nm)  laser  pulses.  In  Figs.  2-5  the  laser  beam  is  propagating  from  right  to  left  in 
the  photographs.  Although  the  0  ns  delay  was  established  prior  to  experiments  by  synchronizing 
the  arrival  of  the  high  energy  pulse  with  the  imaging  pulse  as  each  reached  the  probe  volume,  it 
is  evident  in  the  photographs  that  the  interaction  actually  begins  prior  to  what  is  considered  as 
0  ns  delay.  This  apparent  discrepancy  is  caused  by  the  finite  pulse  widths  (FWHM  =  17  ns)  of 
the  high  energy  and  imaging  pulses.  For  increasing  irradiance,  the  breakup  process  initiates  nearer 
the  initial  rise  of  the  high  energy  pulse.  In  contrast,  the  photos  obtained  are  integrated  over  the 
17  ns  duration  of  the  ima^ng  pulse.  Also  note  that  the  images  in  Figs.  2-5  are  not  of  a  single 
droplet  but  of  several  different  droplets  imaged  at  fixed  intervals  after  arrival  of  the  high  energy 
pulse.  Since  the  vibrating  orifice  generator  and  the  laser  pulse  characteristics  change  little  from 
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pulse  to  pulse,  the  image  variation  from  one  pulse  to  the  next  was  not  significant.  For  3  GW/cm2 
irradiance,  shown  in  Fig.  2,  the  interaction  is  nearly  symmetric  with  material  being  expelled  in  a 
similar  pattern  from  both  the  illuminated  and  shadow  hemispheres  of  the  droplet.  Figure  3  shows, 
for  the  same  delay  times,  a  sequence  of  photographs  for  an  incident  irradiance  of  6  GW/cm^. 
At  this  irradiance,  the  breakup  on  the  illuminated  hemisphere  relative  to  the  shadow  hemisphere 
is  much  weaker.  Even  at  100  ns,  little  material  is  ejected  from  the  illuminated  surface.  As  the 
irradiance  is  further  increased  to  18  GW/cm*,  the  image  shown  in  Fig.  4  at  0  ns  shows  no  evidence 
of  illuminated  surface  interaction.  However,  the  breakup  on  the  shadow  surface  appears  stronger 
than  for  lower  laser  irradiances.  Only  at  later  times  is  there  any  evidence  of  material  leaving  the 
illuminated  hemisphere.  Figure  5  shows  the  droplet  images  obtained  under  high  irradiance  (230 
GW/cm^)  conditions.  In  this  example,  the  behavior  is  quite  different.  The  material  is  ejected  in  a 
symmetric  manner  and  appears  to  form  thin  filaments  of  material  at  0  ns  delay  time. 


IV.  Theoretical  Supporting  Work 

The  behavior  of  the  droplets  shown  in  Figs.  2-5  can  be  compared  to  the  square  root  of  the 
internal  and  near-surface  electric  field  distributions,  calculated  using  plane  wave  Lorenz-Mie  theory, 
which  are  shown  in  Fig.  6.  The  square  root  of  the  electric  field  is  plotted  in  efforts  to  emphasize 
smaller  electric  field  values.  As  seen  in  Fig.  6.,  there  appears  to  be  four  critical  regions  in  which 
localized  maxima  appear.  The  absolute  maximum  of  the  electric  field  values  occurs  external  to  the 
shadow  surface  of  the  droplet  and  has  the  magnitude  (E/Eo|  ~  50  where  (Eo|  denotes  the  magnitude 
of  the  incident  electric  field.  The  high  field  value  results  from  the  focusing  effect  exhibited  by 
droplets  large  compared  to  the  incident  wavelength.  Internal  to  the  droplet  surface  but  still  within 
the  shadow  hemisphere  are  three  localized  peaks  each  of  magnitude  |E/Eo|  »  22.  Internal  to  the 
droplet  and  near  the  illuminated  surface  lies  the  third  critical  region  in  which  the  magnitude  is 
|E/Eo|  fss  16.  External  to  the  illuminated  hemisphere  is  also  a  smaller  localized  peak  of  magnitude 
|E/Eo|  »  8.  These  four  regions  of  high  electric  field  are  characteristic  of  transparent  droplets  and 
have  been  discussed  previously.'®  Provided  the  incident  irradiance  is  sufficiently  high,  these  four 
regions,  particularly  those  near  the  shadow  surface,  would  identify  the  likely  locations  of  initial  laser 
breakdown.  Comparing  the  calculations  in  Fig.  6  to  the  images  shown  in  Fig.  2,  similarities  are 
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apparent  in  the  sense  that  Fig.  6  shows  nearly  equal  (slightly  higher  within  the  shadow  hemisphere) 
maximum  electric  field  peaks  within  the  two  hemispheres  of  the  droplet.  Based  on  this  linear  model 
of  the  electromagnetic  field  distributions,  one  would  expect  to  observe  material  expelled  from  both 
hemispheres  of  the  droplet  with  the  stronger  interaction  occurring  from  the  shadow  hemisphere.  The 
results  in  Fig.  2  support  this  argument.  In  contrast  however,  the  images  in  Fig.  3  show  significantly 
less  material  leaving  the  illuminated  surface  of  the  particle  suggesting  that  the  interaction  is  not 
linear  with  respect  to  the  incident  irradiance. 

To  better  understand  the  physics  occurring  during  the  laser/aerosol  interaction,  it  is  necessary 
to  determine  the  source  of  the  localized  peaks  in  the  electric  field.  As  stated  previously,  the  large 
electric  fields  near  the  shadow  surface  are  a  result  of  the  focusing  effect  of  the  droplet  and  can  be 
predicted  by  geometric  optics.  However,  the  source  of  the  peaks  near  the  illuminated  surface  is  not 
intuitively  obvious. 

The  following  calculations  serve  to  provide  a  physical  picture  of  the  origin  of  the  localized 
electric  field  peaks  in  the  front  hemisphere  and  will  be  useful  in  establishing  an  explanation  of  the 
experimental  observations.  Shown  in  Fig.  7  is  a  plot  of  the  fourth  root  of  the  magnitude  of  the  time 
average  Poynting  vector  for  an  8  pm  diameter  water  droplet  illuminated  by  a  focused  KrF'laser 
beam.  The  fourth  root  of  the  vector  magnitude  is  plotted  in  order  to  emphasize  and  better  visualize 
the  smaller  Poynting  vectors  within  and  external  to  the  illuminated  droplet.  The  focal  point  of 
the  incident  KrF  beam  used  in  the  calculations  has  a  waist  diameter  of  approximately  1  pm  and  is 
located  at  the  particle  edge  (y  =  d/2,  x  =  z  =  0)  as  shown  in  Fig.  7.  Here,  the  term  edge  refers  to  the 
points  defined  by  the  intersection  of  r  =  d/2  and  the  z  =  0  plane  of  the  droplet.  Note  the  droplet  is 
centered  atx  =  y  =  z  =  0  and  the  laser  is  propagating  in  the  +z  direction  with  linear  polarization  in 
the  X  direction.  Although  this  particle,  for  which  the  calculations  are  performed,  is  smaller  than  the 
experimental  situation  under  consideration,  the  case  provides  qualitative  insight  into  the  interaction 
process  while  keeping  computation  times  within  reasonable  limits.  A  small  beam  waist  was  chosen 
in  order  to  examine  the  behavior  of  the  incident  light  over  a  localized  region  of  the  droplet.  The 
theoretical  details  of  the  arbitrary  beam  theory  used  for  the  calculations  shown  in  Fig.  7  has  been 
documented  previously^**’'^  and  will  not  be  discussed  in  this  paper.  As  one  would  expect.  Fig.  7 
shows  clearly  the  refraction  of  the  incident  beam  through  the  droplet  and  the  subsequent  internal 
reflections  as  well  as  the  transmissions  to  the  external  field.  In  addition,  Poynting  vectors  oriented 
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predominantly  in  the  circumferential  direction  appear  on  both  sides  of  the  air/droplet  interface 
indicating  the  propagation  of  surface  waves.  K  the  incident  beam  is  positioned  at  different  edge 
I  locations  a  similar  pattern  would  be  observable  in  the  corresponding  plane  of  the  droplet.  For 

the  situation  corresponding  to  the  images  of  Fig.  2-5,  the  beam  size  (ss  100  fim)  is  larger  than 
the  droplet  diameter  (60  fim)  in  which  case  the  particle  is  illuminated  at  all  edge  locations.  These 
conditions  provide  the  excitation  necessary  to  generate  a  similar  pattern  of  energy  flow  in  ail  planes 
containing  the  z  axis.  Both  the  internally  reflected  energy  and  the  surface  waves  will  propagate  in 
a  predominantly  circumferential  direction  and  will  tend  to  be  concentrated  near  the  front  and  rear 
surfaces  of  the  droplet.  The  constructive  interference  of  the  energy  flow  will  result  in  the  localized 
peaks  which  are  observed  in  the  source  function  plots.  Calculations  for  the  case  of  the  particle 
located  at  the  focal  point  of  the  beam  showed  little  flow  of  energy  back  toward  the  illuminated 
hemisphere  reinforcing  the  idea  that  edge  illumination  is  necessary  to  provide  significant  energy 
feedback  toward  the  illuminated  hemisphere. 

!  Based  on  these  theoretical  calculations,  we  can  formulate  a  qualitative  explanation  of  the 

experimental  observations.  Denote  the  breakdown  intensity  for  the  laser/aerosol  interaction  as  U 
as  shown  in  Fig.  8  and  assume  that  the  initial  electrical  breakdown  occurs  near  the  shadow  surface 
of  the  droplet  where  the  electric  fields  are  the  highest.  Initial  electrical  breakdown  along  with 
^  any  changes  in  geometry  or  optical  properties  of  the  material  near  the  back  surface  will  act  to 

prevent  internal  reflections  and  surface  wave  propagation  necessary  for  generation  of  high  electric 
fields  near  the  illuminated  surface.  Shown  in  Fig.  8  are  P/,  and  P/  which  represent  the  intensity 
I  profiles  of  a  high  energy  and  low  energy  pulse,  respectively.  If  the  droplet  breakdown  occurs  at 

an  intensity  U,  only  the  energy  associated  with  the  cross-hatched  areas  will  be  unaffected  by  the 
droplet  breakdown.  Thus  a  larger  amount  of  energy  can  be  redirected  toward  the  front  hemisphere 
for  a  low  energy  incident  pulse.  As  the  irradiance  is  increased  we  would  expect  proportionately 
'  less  energy  available  for  interaction  within  and  near  the  illuminated  surface  of  the  droplet.  This 

explanation  is  consistent  with  the  observations  in  Figs.  2-4.  For  230  GW/cm^  interactions  shown 
in  Fig.  5,  the  17  ns  imaging  pulse  is  not  short  enough  to  clearly  resolve  the  early  stages  of  the 
interaction  process  and  future  picosecond  or  femtosecond  ima^ng  work  will  be  required  to  resolve 
^  the  early  stages  of  the  interaction. 
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This  work  has  shown  that  the  prediction  of  aerosol  dynamics  resulting  from  laser-induced 
breakdown  cannot  be  made  based  soley  on  electric  held  distributions  calculated  using  linear  Lorenz- 
Mie  theory.  The  interaction  is  influenced  by  several  factors  including  pulse  energy  and  pulse  rise 
time,  which  change  the  magnitude  of  illuminated  hemisphere  interaction. 


V.  Material  Velocity  Measurements 

The  imaging  system  was  also  be  used  to  obtain  approximate  average  velocity  measurements 
for  the  material  ejected  at  various  stages  during  the  laser/aerosol  interaction.  In  order  to  evaluate 
the  velocity  of  the  ejected  material,  it  was  necessary  to  make  an  assumption  regarding  the  time 
at  which  material  starts  leaving  the  droplet  surface  (At  =  0).  As  stated  earlier  in  this  paper  and 
illustrated  in  the  images,  material  ejection  starts  before  what  is  considered  0  ns  delay.  For  the 
results  presented  here,  a  time  of  10  ns  before  the  end  of  the  imaging  pulse  was  chosen  as  the  time 
material  begins  leaving  the  droplet  surface.  Therefore,  in  calculating  average  velocities  at  0  ns 
delay  r  At  =  10  ns  was  used,  at  20  ns  delay  a  At  =  30  ns  was  used,  etc.  Although  this  delay  value 
will  vary  depending  on  the  incident  irradiance,  we  have  used  a  constant  value  for  all  irradiances 
since  detailed  resolution  of  these  times  are  not  presently  possible  in  our  laboratory.  The  average 
material  velocity  as  a  function  of  time  and  incident  irradiance  is  shown  in  Fig.  9.  The  values  range 
from  approximately  1000  m/s  at  3  GW/cm*  to  6000  m/s  at  230  GW/cm*  with  an  uncertainty  of 
approximately  l20  percent.  This  error  is  predominantly  due  to  the  difficulty  in  properly  identifying 
the  edges  of  the  material  boundaries.  Only  limited  data  could  be  obtained  at  high  irradiances  since 
the  material  quickly  propagates  out  of  the  field  of  view  of  the  imaging  system. 
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Fig.  1.  Schematic  of  experimental  setup. 

Fig.  2.  Interaction  of  3  GW/cm^  KrF  (A  =  248  nm)  laser  pulses  with  60  /rm  water  droplets  imaged  0, 
20,  40,  and  100  ns  after  arrival  of  the  high  energy  pulse.  The  laser  is  prop^ating  from  right 
to  left. 

Fig.  3.  Interaction  of  6  GW/cm^  KrF  (A  =  248  nm)  laser  pulses  with  60  fim  water  droplets  imaged  0, 
20,  40,  and  100  ns  after  arrival  of  the  high  energy  pulse.  The  laser  is  propagating  from  right 
to  left. 

Fig.  4.  Interaction  of  18  GW/cm^  KrF  (A  =  248  nm)  laser  pulses  with  60  fim  water  droplets  imaged 
0,  20,  40,  and  100  ns  after  arrival  of  the  high  energy  pulse.  The  laser  is  propagating  from  right 
to  left. 

Fig.  5.  Interaction  of  230  GW/cm*  KrF  (A  =  248  nm)  laser  pulses  with  60  pm  water  droplets  imaged 
0,  20,  40,  and  100  ns  after  arrival  of  the  high  energy  pulse.  The  laser  is  propagating  from  right 
to  left. 

Fig.  6.  Plane  wave  Lorenz-Mie  theory  calculations  of  the  square  root  of  the  internal  and  near-surface 
electric  field  for  a  60  pm  diameter  water  droplet  (fi  =  1.36  +  3.5  x  10~®i)  irradiated  by  a  KrF 
laser  pulse  (A  =  248  nm).  Laser  is  propagating  from  right  to  left.  Top:  y/Ej as  a  function 
of  spatial  location  for  -1.5  <  2y/d  <  1.5,  -1.5  <  2z/d  <  1.5  where  d  is  the  droplet  radius.  The 
laser  is  propagating  in  the  -l-z  direction  with  polarization  in  the  x  direction.  The  scale  on  the 
plot  ranges  from  black  =  0  to  white  «  7,  Bottom;  Centerline  plot  for  the  same  parameters  as 
given  above. 

Fig.  7.  Plot  of  the  internal  and  near-surface  Poynting  vectors  (y-z  plane)  for  a  8  pm  diameter  water 
droplet  (n  =  1.36  -f  3.5  x  10”®i)  illuminated  by  a  focused  KrF  laser  beam  (A  =  248  nm).  The 
beam  waist  diameter  is  approximately  1  pm  and  the  beam  is  incident  on  the  right  edge  of  the 
droplet  (y  =  1.0,  x  =  z  =  0). 
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Fig.  8.  Graphical  representation  of  the  relationship  between  the  incident  pulse  energy  and  the  portion 
unaffected  by  the  laser-induce  breakdown  in  the  shadow  hemisphere  for  a  high  energy  (P/,) 
and  low  energy  (P/)  pulse. 

Fig.  9.  Average  materia]  velocity  as  a  function  of  image  delay  time  for  the  interaction  of  KrF  laser 
pulses  (A  =  248  nm)  with  60  /im  diameter  water  droplets  for  laser  irradiance  varying  from  3 
to  230  GW/cm*. 
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Fig.  5.  Interaction  of  230  GW/cm*  KrF  (A  =  248  nm)  laser  pulses  with  60  fim  water  droplets 
imaged  0,  20,  40,  and  100  ns  after  arrival  of  the  high  energy  pulse.  The  laser  is  propagating  from 
right  to  left. 
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Fig.  6.  Plane  wave  Lorenz- Mie  theory  calculations  of  the  square  root  of  the  internal  and  near¬ 
surface  electric  field  for  a  60  fiia  diameter  water  droplet  (n  =  1.36-1-  3.5  x  10“®i)  irradiated  by  a 
KrF  laser  pulse  (A  =  248  nm).  Laser  is  propagating  from  right  to  left.  Top:  t/E/Eo  as  a  function 
of  spatial  location  for  -1.5  <  2y/d  <  1.5,  -1.5  <  2z/d  <1.5  where  d  is  the  droplet  radius.  The  laser 
is  propagating  in  the  +z  direction  with  polarization  in  the  x  direction.  The  scale  on  the  plot  ranges 
from  black  =  0  to  white  ss  7.  Bottom:  Centerline  plot  for  the  same  parameters  as  given  above. 
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Fig.  7.  Plot  of  the  internal  and  near-surface  Poynting  vectors  (y-z  plane)  for  a  8  //m  diameter 
water  droplet  (fi  =  1.36  -|-  3.5  x  10"®i)  illuminated  by  a  focused  KrF  laser  beam  (A  =  248  nm). 
The  beam  waist  diameter  is  approximately  1  fim  and  the  beam  is  incident  on  the  right  edge  of  the 


Fig.  8.  Graphical  representation  of  the  relationship  between  the  incident  pulse  energy  and  the 
portion  unaffected  by  the  laser-induce  breakdown  in  the  shadow  hemisphere  for  a  high  energy  (P*) 
and  low  energy  (P/)  pulse. 
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Abstract 


A  simplified  theoretical  model  for  predicting  the  threshold  power  for  explosive  fragmenta¬ 
tion  of  liquid  droplets  falling  through  the  focal  point  of  a  tightly-focused,  continuous,  Gaussian- 
profiled  laser  beam  has  been  developed.  Theoretically-predicted  and  corresponding  experimentally- 
measured  explosive  fragmentation  threshold  power/droplet  velocity  ratios  are  compared  for  CO2 
laser  irradiated  water  droplets  within  a  size  parameter  range  of  5  to  25.  The  theoretical  and  exper¬ 
imental  data  were  in  agreement  within  a  factor  of  about  two.  Future  refinements  of  the  theoretical 
modeling  and  the  experimental  procedure  are  discussed. 

I.  Introduction 

An  experimental  and  theoretical  analysis  of  the  transient  heating  of  20  fim  to  80  /im  diameter 
(5  to  25  size  parameter)  liquid  droplets  falling  through  the  focal  point  of  a  tightly-focused, 
fundamental  (TEMoo  mode),  linearly-polarized,  Gaussian-profiled,  10.6  fim  dominant  wavelength, 
continuous  COj  laser  beam  is  considered.  A  theoretical  analysis  of  this  problem  is  now  pos¬ 
sible  due  to  our  recent  development  of  a  spherical  particle/arbitraxily-defined  beam  interaction 
theory^  that  permits  a  computationallj'-efficient  means  for  determining  the  internal  electromag¬ 
netic  fields  within  a  spherical  droplet  offset  from  the  focal  point  of  a  tightly-focused  Gaussian 
beam.  Of  particular  interest  is  the  development  of  a  theoretical  model  to  predict  laser  threshold 
power  for  the  explosive  fragmentation  of  the  droplets,  for  these  conditions,  as  a  function  of  such 
parameters  as  beam  waist  diameter,  droplet  diameter,  and  droplet  thermo/optical  properties.  .4.n 
agreement  between  theoretically-predicted  explosive  fragmentation  threshold  power  with  the  cor¬ 
responding  expc.-imentally-measured  values  would  support  the  physical  mechanism  assumptions 
of  the  theoretical  model.  Presented  here  is  our  preliminary  effort  at  theoretically  modeling  falling 
droplet/tightly-focused  laser  beam  heating  and  an  initial  comparison  (including  discussion)  between 
thfcoretically-prf'dicted  and  experimentally-measured  explosive  fragmentation  threshold  powers  for 
water  droplets  i:  a  size  parameter  range  of  5  to  25. 

.4  theoretic:  J  analysis  of  the  transient  heating  of  a  liquid  droplet  irradiated  by  a  laser  pulse  has 
been  previously  investigated  by  PrishiN'alko  and  Leiko*  and  by  Pendleton.®  In  both  of  these  analy¬ 
ses,  monochromatic  plane  wave  illumination  upon  a  spherical  particle  was  assumed,  so  Lorenz-Mie 
theory  was  appropriately  applied  to  determine  the  internal  electromagnetic  field  distributions  nec¬ 
essary  for  the  calculation  of  the  spatially-distributed  heating  within  the  droplet.  Such  an  incident 
plane  wave  assumption  would  be  \'alid  for  conditions  where  the  incident  laser  beam  intensity  is 
uniform  over  the  projected  area  of  the  droplet,  as  might  be  the  case  if  the  local  beam  diameter 


is  much  greater  than  the  diameter  of  the  droplet.  Lorenz-Mie  theory,  and  thus  the  analyses  of 
Prishiv'alko  and  Leiko*  and  of  Pendleton,^  is  not  applicable  for  a  spherical  droplet  mo\ing  through 
the  focal  point  of  a  tightly-focused  beam,  as  is  of  interest  here. 

Prishivalko,^  utilizing  an  empirical  criterion,  claimed  good  agreement  (5-105?  )  with  experimen¬ 
tal  intensity  threshold  measurements  for  the  explosive  fragmentation  of  20  fim  to  60  nm  diameter 
water  droplets  irradiated  by  a  10.6  fim  wavelength  CO2  laser  pulse.  Calculations  by  Pendleton^  were 
consistent  with  the  pulsed  CO2  laser  fragmentation  patterns  observed  by  Kafalas  and  Ferdinand.^ 
Otherwise,  there  appears  to  be  little  detailed  theoretical/experimental  comparisons  for  CO2  laser 
heating  of  liquid  droplets  in  the  explosive  fragmentation  regime.  To  our  knowledge  there  has  been 
no  previous  detailed  theoretical/experimental  comparisons  for  liquid  droplets  falling  through  the 
focal  point  of  a  tightly-focused,  continuous,  CO2  laser  beam. 

II.  Experimental  Arrangement 

The  experimental  arrangement  and  procedure  are  described  in  detail  in  Ref.  6;  only  a  general 
description  will  be  provided  here.  A  schematic  of  the  experimental  arrangement  is  shown  in  Fig. 
1.  The  fundamental  (TEMoo  mode),  linearly  polarized,  Gaussian-profiled  beam  from  a  100  W 
ma.\imum  power,  10.6  fim  dominant  wavelength,  continuous  CO2  laser  is  focused  to  an  estimated 
100  fim  beam  waist  diameter.  A  ordered  stream  of  monodispersed  liquid  droplets,  produced  by 
a  vibrating  orifice  droplet  generator,  is  directed  through  the  focal  point  of  the  CO2  laser  beam. 
The  droplets  fall  vertically  downward,  parallel  to  the  electric  field  polarization  direction  of  the 
linearly-polarized  CO2  laser  beam.  A  phase/Doppler  particle  analyzer  (not  shown  in  Fig.  1)  is 
used  to  monitor  the  size  and  velocity  of  the  liquid  droplets.  Droplets  enter  the  100  fim  diameter 
CO2  laser  focal  point  with  a  velocity  of  the  order  10  m/s,  resulting  in  a  beam  exposure  time  of 
approximately  10  fis.  The  dynamics  of  the  CO2  laser/liquid  droplet  interaction  are  imaged  using  a 
back  illumination,  pulsed  N2  laser  (337  nm  wavelength,  %  10  ns  pulse  width)/vidicon  camera-based 
imaging  system. 

For  a  particular  droplet  stream,  it  was  observed  that  there  existed  a  rather  distinct  CO2 
laser  threshold  power  for  explosive  fragmentation  of  the  droplets.  Below  the  threshold  power,  the 
droplets  would  fall  through  the  CO2  laser  beam  focal  point  with  no  detectable  shape  distortion. 
Above  the  CO2  laser  threshold  power  the  droplets  would  violently  shatter.  The  threshold  power 
for  explosive  fragmentation  of  water  (distilled)  droplets  was  experimentally  measured  as  a  function 


of  droplet  diameter.  The  experimental  procedure  is  as  follows.  For  a  particular  droplet  stream,  the 
droplet  diameter  and  velocity  are  measured  using  the  phase/Doppler  particle  analyzer.  The  power 
of  the  CO2  Itiser  is  then  gradually  increased  until  explosive  fragmentation  is  observed  on  the  pulsed 
N2  laser  imaging  system.  The  droplet  stream  is  then  removed  from  the  CO2  laser  focal  point  and 
the  threshold  power  measured  using  a  pow-er  meter. 

Threshold  power  measurements  were  obtained  for  droplet  diameters  from  20  /xrn  to  80  pm. 
Defining  the  droplet  size  parameter,  a,  as  the  ratio  of  the  droplet  circumference  to  the  incident 
beam  wavelength, 


2ra 


where  a  is  the  droplet  radius,  this  range  of  droplet  diameters  corresponds  to  a  size  parameter  range 
of  about  5  to  25. 

Typically,  threshold  powers  for  explosive  fragmentation  were  of  the  order  of  10  W  for  water 
droplets  within  the  range  of  size  parameters  considered.  Calculated  focal  point  threshold  intensities 
for  these  experiments  are  thus  of  the  order  of  10®  W/cm*.  A  summary  of  nominal  operating 
parameters  is  given  in  Table  1. 

III.  Theoretical  Modeling 

Only  theoretical  modeling  of  the  state  of  the  droplet  up  to  the  time  at  which  explosive  fragmen¬ 
tation  initiates  is  considered.  A  simplified  theoretical  model,  appropriate  for  our  experimental 
conditions,  was  developed  as  a  first  attempt  at  predicting  required  threshold  powers  for  droplet 
explosive  fragmentation  as  a  function  of  such  parameters  as  beam  waist  diameter,  droplet  diameter, 
and  droplet  thermo/optical  properties.  The  simplified  theoretical  model  will  serve  as  the  basis  for 
developing  more  sophisticated  and  complete  theoretical  models  as  might  be  warranted  by  experi¬ 
mental  comparisons  and  observations.  Major  assumptions  of  the  simplified  theoretical  model  are 
listed  and  discussed  in  the  following. 

Criteria  for  explosive  fragmentation:  0.9  Ter  superheat  temperature  limit.  Similar 
to  the  approach  of  Prishivalko*'^  and  Pendleton,^  it  was  assumed  that  the  explosive  fragmentation  of 
the  liquid  droplets  results  from  the  superheating  of  the  droplet  liquid  to  the  superheat  limit,  at  which 
time  spontaneous  vapor  nucleation  occurs  and  the  droplet  is  shattered  by  rapidly  expanding  v'apor 


bubbles.  The  threshold  nature  of  the  laser  power  necessary  to  explosively  fragment  the  droplets 
and  the  obserration  of  vapor  bubbles  within  the  liquid  droplets  during  the  initial  stages  of  droplet 
fragmentation  provide  experimental  justification  for  this  assumption.  Zemlyanov  and  Kuzikovskii’ 
also  indicate  that  such  “shock  boiling”  is  the  correct  mechanism  for  CO2  laser  irradiated  water 
droplet  explosive  fragmentation  for  an  intensity  range  similar  to  that  of  our  experiments  (ss  10^ 
to  10*  W/cm^).  Skripov®  deduced  that  a  freely  suspended,  pure  liquid  may  obtain  a  superheated 
temperature  of  nine-tenths  its  critical  temperature  before  spontaneous  \’apor  nucleation  initiates. 
Using  this  0.9Tcr  criterion,  the  superheat  limit  is  then  583  K  (310  °C)  for  water.  Superheat 
temperatures  for  liquid  water  approximately  equal  to  this  value  have  been  obtained  during  carefully 
controlled  experiments.®  The  theoretically  calculated  minimum  laser  power  required  to  raise  the 
temperature  of  any  point  within  the  liquid  droplet  to  0.9  Ter,  after  the  droplet  has  fallen  entirely 
through  the  focal  point  of  the  laser  beam,  was  chosen  as  the  criteria  for  predicting  the  explosive 
fragmentation  threshold  power. 

Neglect  hydrodynamic  effects.  For  laser  powers  just  below  threshold  for  explosive  frag¬ 
mentation,  the  droplets  were  experimentally  observed  to  fall  through  the  focal  point  of  the  beam 
with  no  noticeable  shape  distortion.  It  is  assumed  that  the  heating  for  our  conditions  is  sufficiently 
slow  so  that  possible  thermally-induced  hydrodynamic  effects  such  as  thermal  shock  do  not  oc¬ 
cur  and  the  droplet  remains  spherical  during  heating.  Thermal  expansion  of  the  droplet  is  also 
neglected,  so  the  droplet  is  assumed  to  have  a  constant  diameter  during  heating. 

Temperature  independent  optical  properties.  The  assumption  of  a  single,  uniform  com¬ 
plex  index  of  refraction,  n,  for  the  droplet  is  necessary  for  the  electromagnetic  field  calculations.  It 
is  recognized  that  the  complex  index  of  refraction  of  a  liquid  can  be  temperature  dependent,  and 
spatially-distributed  heating  within  the  droplet  can  create  a  spatially-distributed  complex  index 
of  refraction.  However,  electromagnetic  field  calculations  for  such  an  inhomogeneous  sphere  are 
exceedingly  difficult  and  the  temperature  dependence  of  the  complex  index  of  refraction  for  Uquids, 
from  room  temperature  to  0.9Ter,  at  the  CO2  wavelength  is  not  well  known. 

Neglect  internal  heat  conduction  and  droplet  surface  heat  convection/evaporation 
losses.  A  characteristic  time  for  heat  conduction  within  the  droplet  can  be  determined  in  terms 
of  the  thermal  diffusivity  of  the  liquid,  0*^,  and  the  droplet  radius,  a, 


At  =  a*/o,h. 


Using  the  room  temperature  thermal  diffusivity  of  water,  1.44  x  10"^  m^/s,  and  a  droplet  radius 
of  10  fim  this  expression  gives  a  characteristic  time  for  heat  conduction  of  694  fis,  which  is  much 
greater  than  the  approximately  10  fis  heating  time  of  droplet  beam  exposure.  Thus,  in  order  to 
simplify  the  calculations,  internal  heat  conduction  is  neglected  during  the  laser  heating  time  of  the 
droplet.  K  heat  conduction  is  neglected  then  droplet  surface  losses  would  not  affect  the  interior 
temperatures  of  the  droplet,  and  thus  possible  surface  heat  losses  by  either  heat  convection  or 
evaporation  are  also  neglected. 

The  geometrical  arrangement  for  the  theoretical  calculations  is  shown  in  Fig.  2.  -A.s  shown, 
the  origin  of  the  (xo,yo,Zo)  coordinate  system  is  located  at  the  focal  point  of  the  assumed  focused, 
fundamental  (TEMqo  mode),  linearly-polarized,  Gaussian-profiled,  monochromatic  beam.  The  fo¬ 
cused  Gaussian  beam  propagates  in  the  H-Zo  axis  direction  with  electric  field  polarization  in  the 
perpendicular  Xo  axis  direction.  The  (x,y,z)  coordinate  system  is  attached  to  the  center  of  the 
spherical  droplet.  The  droplet  is  assumed  to  fall  at  constant  velocity,  Vo,  cilong  the  beam  x^,  axis 
through  the  focal  point  of  the  beam,  as  shown  in  Fig.  2. 

The  electromagnetic  field  components  of  the  focused  Gaussian  beam  were  determined  using 
the  first  order  corrected  paraxial  Gaussian  beam  description  of  Davis.^'^°  The  electromagnetic  field 
distribution  within  the  droplet,  which  depends  upon  the  position  of  the  droplet  relative  to  the  focal 
point  of  the  beam,  was  computed  using  the  spherical  particle/arbitrarily-defined  beam  interaction 
theory  of  our  earlier  paper.'  The  spatially-distributed  volumetric  heat  rate  within  the  droplet, 
Q  (r,  <),  which  varies  in  time  as  the  droplet  falls  through  the  profile  of  the  beam,  can  be  related 
to  the  electric  field  magnitude  by 


(1) 

where  a  is  the  electrical  conductivity  of  the  droplet  liquid  at  the  incident  beam  frequency.  The 
electrical  conductivity  can  be  related  to  the  real  and  imaginary  parts  of  the  liquid  complex  index 
of  refraction  by 


a  = 


TlRTljC 


(2) 


The  square  of  the  electric  field  magnitude  can  be  eliminated  in  terms  of  the  normalized  source 
function,  5(r,<),  which  is  defined  as 


I 


where  for  these  calculations,  is  the  electric  field  magnitude  squared  at  the  focal  point  of  the 

incident  beam  which,  for  a  focused  Gaussian  beam,  can  be  expressed  in  terms  of  the  beam  power. 
P,  and  the  beam  waist  radius,  u'c,: 

Substituting  from  Eqs.  (2),  (3),  and  (4)  into  Eq.  (1)  provides  an  expression  for  Q  "  in  terms 
of  more  fundamental  parameters. 


=  (5) 

where  S(f,t)  is  determined  using  a  computer  program  based  on  the  spherical  particle/arbitrary 
incident  beam  interaction  theory  discussed  in  Ref.  1.  For  our  CO2  laser/water  droplet  explosive 
fragmentation  experiments,  typical  laser  powers  were  of  the  order  of  10  W  and  normalized  source 
function  values  were,  at  the  maximum,  of  the  order  of  1,  which  w’ould  correspond  to  a  calculated 
maximum  volumetric  heat  rate,  using  Eq.  (5),  of  w  3  X  10®  W/cm®. 

As  expressed  in  Eq.  (5),  the  volumetric  heat  rate  is  directly  proportional  to  the  normalized 
source  function,  thus  plots  of  the  normalized  source  function  provide  an  indication  of  the  spatially- 
distributed  heating  within  the  droplet.  Normalized  source  function  calculations  were  performed 
for  water  droplets  for  conditions  corresponding  to  our  experimental  arrangement  (A  =  10.6  /im. 
u'o  =  50  pm,  and,  for  water,  n  =  1.179  -f-  i0.072).  As  an  example,  shown  in  Figs.  3,  4,  and  5 
are  normalized  source  function  distributions  in  the  x-z  plane  for  a  40  pm  diameter  water  droplet 
with  the  center  of  the  droplet  located  one  beam  waist  radius  above  the  beam  focal  point  (Fig. 
3),  one-half  beam  waist  radius  above  the  beam  focal  point  (Fig.  4),  and  at  the  beam  focal  point 
(Fig.  5).  In  Figs.  3,  4,  and  5,  and  all  subsequent  Figs.,  the  spatial  coordinates  are  normalized 
relative  to  the  droplet  radius  and  external  normalized  source  function  values  have  been  artificially 
suppressed  to  zero.  As  can  be  seen  in  Figs.  3,  4,  and  5,  the  normalized  source  function,  and  thus 
the  volumetric  heat  rate,  increases  as  the  droplet  approaches  the  beam  axis,  as  would  be  expected 
for  such  a  Gaussian-profiled  beam.  For  droplet  positioning  at  the  beam  focal  point.  Fig.  5,  the 
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normalized  source  function  distribution  is  similar  to  that  for  the  corresponding  case  with  plane 
wave  illumination,  shown  in  Fig.  6.  However,  for  droplet  positioning  away  from  the  beam  focal 
point,  there  is  preferential  heating  within  the  part  of  the  droplet  nearest  the  beam  focal  point  as 
can  be  seen  in  Figs.  3  and  4. 

The  temperature  distribution  within  the  droplet,  and  the  theoretically-predicted  explosive 
fragmentation  threshold  power,  can  be  determined  by  integrating  the  volumetric  heating  rate  over 
time  for  each  spatial  position  within  the  droplet.  Since  in  the  simplified  theoretical  model  internal 
heat  conduction  and  surface  losses  are  being  neglected,  the  general  heat  equation  for  any  point 
within  the  droplet  takes  the  form  of 


or,  after  integration. 


du{r,t) 

“at 


u(f,/)  -  u(r,0)  =  -  /  Q"\T,t')di'  (6) 

P  Jo 

where  u  is  the  internal  energy  per  unit  mass  and  p  is  the  bquid  mass  density  (aissumed  constant). 
Substituting  from  Eq.  (5)  gives 

u(f,<)  -  u(r,0)  =  I  S{f,t')dt'.  (7) 

pAin*  Jq 

Since  the  droplet  is  assumed  to  fall  at  a  constant  velocity,  Vp,  the  position  of  the  center  of  the 
droplet  on  the  Xo  axis  can  be  related  to  time  by 


a;o(0  =  ^o(O)  -  (8) 

where  Xo(0),  the  initial  position  of  the  droplet,  is  assumed  to  be  well  above  the  intensitj’  profile  of 
the  beam.  Using  Eq.  (8),  the  variable  of  integration  of  Eq.  (7)  can  be  changed  so  that 


u{f,t)  -  u(f,0)  _ 
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(9) 


where  =  x/a  is  the  position  of  the  center  of  the  droplet  normalized  relative  to  the  droplet 
radius  and  the  integral  of  Eq.  (9),  which  is  determined  numerically,  is  defined  as  AT{r,t)  since. 


if  a  constant  specific  heat  is  assumed,  this  integral  provides  a  normalized  temperature  distribution 
within  the  droplet  as  a  function  of  droplet  position  along  the  Xo  axis  of  the  beam. 

As  an  example,  Figs.  7  -  12  show  the  x-z  plane  distribution  of  AT  for  a  40  fim  diameter  water 
droplet  falling  through  the  focal  point  of  a  laser  beam  for  conditions  corresponding  to  those  of  our 
experiments  (A  =  10.6  f/m,  =  50  nm,  and,  for  water,  n  =  1.179  +  i0.072).  Figures  7  -  12  are 
for  the  droplet  center  located  one  beam  waist  radius  above  the  focal  point  (Fig.  7),  one-half  beam 
waist  radius  above  the  focal  point  (Fig.  8),  at  the  focal  point  (Fig.  9),  one-half  beam  radius  below 
the  focal  point  (Fig.  10),  one  beam  radius  below  the  focal  point  (Fig.  11),  and  two  beam  radii 
below  the  focal  point  (Fig.  12).  After  two  beam  radii  below  the  focal  point  there  is  iiisignifictint 
additional  heating  for  the  40  /xm  diameter  water  droplet  for  these  conditions. 

The  sequence  of  Figs.  7  -  12  demonstrates  the  heating  pattern  of  the  droplet  as  it  falls  through 
the  focal  point  of  the  beam.  The  AT  distribution  increases  in  amplitude  as  the  droplet  falls 
through  the  Gaussian  intensity  profile  of  the  beam.  At  the  beam  focal  point.  Fig.  9,  the  droplet 
is  preferentially  heated  on  the  bottom  half  because  this  part  of  the  droplet  has  been  exposed  to  a 
greater  fraction  of  the  beam  profile  than  the  top  half  of  the  droplet.  After  falling  entirely  through 
the  beam,  Fig.  12,  the  distribution  of  AT  is  symmetrical  with  regard  to  bottom  and  top  halves 
of  the  droplet.  (If  internal  heat  conduction  were  included  in  the  theoretical  model,  this  would  not 
necessarily  be  the  case.) 

The  threshold  power  for  explosive  fragmentation  is  calculated  by  first  determining  the  maxi¬ 
mum  value  of  AT  after  the  droplet  has  fallen  entirely  through  the  beam  profile,  and  then  evaluating, 
using  Eq.  (9),  the  laser  power  necessary  to  bring  the  temperature  of  this  point  up  to  0.9Tcr-  Since 
laser  power,  P,  and  droplet  velocity,  Tq,  occur  as  a  ratio  in  our  simplified  model,  the  threshold 
criteria  is  expressed  as  the  ratio  of  these  two  quantities: 


Ati) 
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(10) 


where  =  u{0.9Tcr}  —  v(Ti„i(^a/),  T.n.j.o/  is  the  droplet  temperature  before  entering  the 

beam  (taken  as  20  ®C  for  our  calculations),  and  ATnax  is  the  maximum  value  of  AT  within  the 
droplet  after  falling  entirely  through  the  beam. 

Substituting  values  for  our  experimental  conditions  gives  an  explosive  fragmentation  threshold 
criteria  for  water  of 


30.0 


-O.STc,  »  j, 

For  comparison,  la.ser  power/droplet  velocity  ratios  for  normal  atmospheric  pressure  boiling  were 
also  calculated  using  J^UboiUng  =  u(100  °C)  -  u{Tinitiai)  instead  of  Auo.9T„  in  Eq.  (10)  with  a 
resulting  value  for  water  of 


[H7(m/s)]. 


(11) 


(12) 

“  ATmax 

Continuing  the  example  of  the  40  /zm  diameter  water  droplet  for  our  experimental  conditions, 
it  was  determined  the  maximum  value  of  AT  after  the  droplet  has  fallen  completely  through  the 
beam  focal  point,  (see  Fig.  12)  was  28.6  .  Substituting  into  Eq.  (11),  an  explosive  fragmentation 
threshold  power/droplet  velocity  ratio  of  0.95  [W/(m/s)]  is  theoreticallj'-predicted  for  the  40  fim 
diameter  water  droplet. 

IV.  Theoretical/Experimental  Comparison 

A  comparison  between  theoretically-predicted  explosive  fragmentation  threshold  power /droplet  ve¬ 
locity  ratio  and  the  corresponding  experimentally-measured  values  is  shown  in  Fig.  13  for  water 
droplets  in  the  sized  parameter  range  from  5  to  25.  The  solid  line  labeled  “superheat”  in  Fig.  13  is 
the  theoretically-predicted  explosive  fragmentation  threshold  power/droplet  velocity  ratio  using  the 
O.QTcr  (310  “^C)  maximum  temperature  criteria.  The  solid  line  labeled  “boiling"  is  the  theoretically- 
predicted  threshold  power/droplet  velocity  ratio  necessary  to  raise  the  maximum  temperature  to 
the  atmospheric  pressure  boiling  point  (100  °C).  For  size  parameters  less  than  about  9  (»  30  /zm 
diameter),  the  theoretically-predicted  maximum  temperature  point  within  the  water  droplet  occurs 
on  the  shadow  (unilluminated)  side  of  the  droplet  and,  indeed,  for  water  droplets  of  size  parame¬ 
ter  less  than  about  9,  it  was  experimentally  observed  on  the  pulsed  N2  laser  imaging  system  that 
explosive  fragmentation  would  initiate  on  the  shadow  side.  For  size  parameters  greater  than  about 
9,  the  theoretically-predicted  maximum  temperature  point  occurs  on  the  illuminated  side  of  the 
water  droplet  and,  consistent  with  the  theoretical  model,  for  size  parameters  greater  than  about  9 
it  was  experimentally  observed  that  explosive  fragmentation  would  initiate  on  the  illuminated  side 
of  the  droplet. 

The  corresponding  experimentally-measured  values  of  explosive  fragmentation  threshold  power 
/droplet  velocity  ratio  (represented  in  Fig.  13  by  the  hollow  circles)  demonstrated  a  degree  of 


nonrepealability  from  one  test  day  to  the  next  beyond  that  expected  due  to  normal  variations 
in  experimental  conditions  and  procedures.  Because  of  this,  no  statistical  averaging  of  the  ex¬ 
perimental  data  was  performed,  and  all  individual  raw  data  points  are  presented  in  Fig.  13. 
The  experimental  data  cluster  about  the  theoretically-predicted  “superheat”  line,  which  suggests 
that  the  liquid  droplets  are  being  significantly  superheated  before  explosive  fragmentation.  The 
theoretically-predicted  explosive  fragmentation  threshold  power/droplet  velocity  ratio  agrees  with 
the  experimental  measurements  over  the  5  to  25  size  parameter  range  within  a  factor  of  about  two. 
The  theoretically-predicted  decrease  in  required  explosive  fragmentation  threshold  power/droplet 
velocity  ratio  for  size  parameter  less  than  about  9  (when  explosive  fragmentation  initiation  goes 
from  illuminated  side  to  shadow  side)  is  not  seen  in  the  experimental  data. 

The  degree  of  nonrepeatability  of  experimental  data  may  be  a  result  of  the  influence  of  addi¬ 
tional  physical  mechanisms  not  included  in  the  simplified  theoretical  model  which  are  variable  from 
one  experimental  setup  to  the  next.  One  concern  is  the  quality  of  the  droplet  stream.  The  consis¬ 
tency  and  spherical  nature  of  the  droplet  stream  is  monitored  using  the  pulsed  N2  laser  imaging 
system  and  experimental  measurements  are  taken  only  when  the  droplet  stream  is  of  apparent  high 
quality.  Small  internal  oscillations  of  droplet  shape  (w  1  pm  and  less)  would  be  undetectable  on 
the  imaging  system  and  may  influence  the  required  threshold  power.  The  individual  droplets  may 
be  rotating  or  possess  internal  circulation,  both  of  which  would  explain  the  occasional  higher  than 
expected  explosive  fragmentation  threshold  power.  It  is  also  known  that  the  droplets  leaving  the 
vibrating  orifice  droplet  generator  may  be  electrically-charged,  which  may  or  may  not  affect  the 
path  of  the  droplet  through  the  Iciser  beam  focal  point  and  the  required  explosive  fragmentation 
threshold  power.  These  and  several  other  physical  mechanisms  are  being  considered  and  analyzed 
for  their  contribution  to  the  required  explosive  fragmentation  threshold  power  measurements. 

V.  Summary  and  Future  Work 

A  simplified  theoreticcd  model,  utilizing  the  spherical  particle/arbitrarily-defined  beam  interaction 
theory  of  our  Ref.  1,  has  permitted,  for  the  first  time,  a  direct  comparison  between  theoretically- 
predicted  and  experimentally-measured  explosive  fragmentation  threshold  powers  for  a  droplet 
fdling  through  a  tightly-focused,  continuous,  laser  beam.  Agreement  between  theory  and  exper¬ 
iments  would  imply  a  good  understanding  of  the  underlying  physical  mechanisms  of  the  process. 
For  our  experimental  conditions,  theoretically-predicted  and  experimentally-measured  threshold 
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j  power/droplet  velocity  ratios  were  in  agreement  within  a  factor  of  about  two  for  the  explosive 

^  fragmentation  of  CO2  laser  irradiated  water  droplets  in  the  size  parameter  range  of  5  to  25. 

t  Future  work  includes  analyzing  and  improving  the  repeatability  of  the  experimental  mea¬ 

surements,  and  refining  the  theoretical  model  by  including  internal  heat  conduction  and  surface 
convection  and  evaporation  losses.  Comparisons  between  theory  and  experiment  for  liquids  other 
than  water  (such  as  methanol)  are  also  underway  and  being  analyzed. 
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Nominal  Operating  Parameters 


CO2  Laser: 


Droplets: 


Ni  Laser  Imaging: 


continuous 

10.6  }im  wavelength 

TEMoo  mode 

Gaussian  profile 

linear  polarization 

P=  10W 

2wo  =  lOO^m 

Iq  =  10*  W/cm^ 

water,  "n  =  (1.179,  0.072) 

2a  =  20nm  to  100 
a  =27ta  /X  0  =  6  to  30 

velocity,  V  =  10  m/s 
beam  exposure  time  =  10  ps 


337  nm  wavelength 
=  10  ns  pulse 


Table  1.  Nomina]  operating  parameters  for  CO2  laser/water  droplet  explosive  fragmentation  thresh 
old  power  experiments. 
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Fig.  3.  Normalized  source  function  distribution  in  the  transverse  (x-z)  plane  for  a  40  /rm  diameter 
water  droplet  located  50  fim  above  the  focal  point  of  a  50  (im  beam  waist  radius,  10.6  fim  wave¬ 
length,  focused  Gaussian  laser  beam  propagating  in  the  +  z  axis  direction  and  linearly  polarized 
in  the  x  axis  direction. 
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Fig.  4.  Normalized  source  function  distribution  in  the  transverse  (x-z)  plane  for  a  40  firn  diameter 
water  droplet  located  25  nm  above  the  focal  point  of  a  50  fim  beam  waist  radius,  10.6  /im  wave¬ 
length,  focused  Gaussian  laser  beam  propagating  in  the  +  z  axis  direction  and  linearly  polarized 
in  the  x  axis  direction. 
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Fig.  5.  Xormalized  source  function  distribution  in  the  transverse  (x-z)  plane  for  a  40  p-m  diameter 
water  droplet  located  at  the  focal  point  of  a  50  pm  beam  waist  radius,  10.6  pm  wavelength, 
focused  Gaussian  laser  beam  propagating  in  the  +  z  axis  direction  and  linearly  polarized  in  the  x 
axis  direction. 
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Fig.  6.  Normalized  source  function  distribution  in  the  transverse  (x-z)  plane  for  a  40  pm  diameter 
water  droplet  irradiated  by  a  10.6  pm  wavelength  plane  electromagnetic  wave  propagating  in  the 
•f  z  axis  direction  and  linearly  polarized  in  the  x  axis  direction. 
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Fig.  7.  AT  distribution  irv  the  transverse  (x-z)  plane  for  a  40  f^m  diameter  water  droplet  located 
50  fim  above  the  focal  point  of  a  50  fim  beam  waist  radius,  10.6  /jm  wavelength,  focused  Gaussicin 
laser  beam  propagating  in  the  +  z  axis  direction  and  linearly  polarized  in  the  x  axis  direction. 
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Fig.  8.  AT  distribution  in  the  transverse  (x-z)  plane  for  a  40  fim  diameter  water  droplet  located 
25  fim  above  the  focal  point  of  a  50  /im  beam  waist  radius,  10.6  fjm  wavelength,  focused  Gaussian 
laser  beam  propagating  in  the  +  z  axis  direction  and  linearly  polarized  in  the  x  axis  direction. 
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Fig.  10.  distribution  in  the  transverse  (x-z)  plane  for  a  ■lO  pm  diameter  water  droplet  located 
25  pm  below  the  focal  point  of  a  50  pm  beam  waist  radius,  10.6  pm  wavelength,  focused  Gaussian 
laser  beam  propagating  in  the  +  z  axis  direction  and  linearly  polarized  in  the  x  axis  direction. 


Fig.  11.  AT  distribution  in  the  transverse  (x-z)  plane  for  a  40  diameter  water  droplet  located 
50  urn  below  the  focal  point  of  a  50  fim  beam  waist  radius,  10.6  fim  wavelength,  focused  Gaussian 
laser  beam  propagating  in  the  +  z  axis  direction  and  linearly  polarized  in  the  x  a.xis  direction. 
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Fig.  12.  AT  distribution  in  the  transverse  (x-z)  plane  for  a  40  /jm  diameter  water  droplet  located 
100  fjm  below  the  focal  point  of  a  50  (im  beam  waist  radius,  10.6  nm  wavelength,  focused  Gaussian 
laser  beam  propagating  in  the  -f-  z  axis  direction  and  linearly  polarized  in  the  x  axis  direction. 


Fig.  13.  Comparison  between  experimental  and  theoretical  explosive  fragmentation  threshold 
power/droplet  velocity  ratio  values  for  water  droplets  falling  through  the  focal  point  of  a  100  fim 
beam  waist  diameter,  10.6  ^lu  dominant  'wavelength,  linearly  polarized,  continuous  CO2  laser  beam. 
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Abstract 

Results  have  been  obtained  for  the  interaction  of  KrF  cxcimer  laser  radiation  (A  =  248  nm, 
FWHM  pulse  width  =  17  ns)  with  soDd  particles  in  air  and  under  vacuum  conditions  down  to 
approximately  10"®  Torr.  Solid  particles  of  glass  spheres,  A1  spheres,  -AJ2O3,  W,  SiC,  ground 
fused  silica  (Suprasil),  and  polystyrene  divinylbenzene  have  been  imaged  at  various  stages  of  the 
explosive  process  after  interaction  with  the  KrF  laser  operating  at  focused  irradiance  \'alues  of 
approximately  10^^  W/cm*.  In  addition  to  iUustrating  the  dynamics  of  the  explosive  process,  the 
excimer  laser  imaging  system  was  also  used  to  extract  information  regarding  the  velocities  of  the 
ejected  material  by  the  use  of  a  dual  imaging  pulse.  Although  the  velocity  of  the  ejected  material 
depends  on  several  parameters,  among  these  being  the  location  of  the  particle  within  the  focal 
region,  typical  velocities  ranged  from  200  to  2000  m/s.  Streak  camera  images  were  also  taken 
which  revealed  that  the  lifetime  of  plasma  emission  ranged  from  about  40  to  2700  ns  depending  on 
the  particular  material  and  surrounding  pressure. 

Introduction 

The  propagation  of  high  energy  lasers  through  an  atmosphere  containing  au  aerosol  as  well 
as  the  penetration  of  a  laser  beam  through  particle  clouds  in  a  vacuum  are  of  current  interest. 
-Although  good  progress  has  been  made  in  understanding  the  interaction  of  intense  laser  radiation 
with  spherical  liquid  aerosol  particles,  the  open  literature  on  the  interaction  of  high  energy  laser 
beams  with  solid  particles  less  than  100  /im  in  diameter  is  not  extensive.  Most  of  the  work  performed 
thus  far  appears  to  have  been  for  the  interaction  of  intense  laser  beams  with  a  wide  variety  of  thin 
metal  films  or  foils. Bol'shov,  et  al.*  points  out  that  the  \-alidity  of  extrapolating  the  results  and 
conclusions  to  spherical  geometry  must  be  evaluated  in  each  specific  case. 

The  current  paper  describes  experimental  work  on  the  interaction  of  excimer  laser  radiation 
at  A  =  248  nm  with  solid  particles  in  air  and  in  vacuum  conditions  up  to  10~®  Torr.  Of  particular 
interest  in  this  work,  was  the  observation  of  the  dynamics  of  the  laser  beam  interaction  with  several 
.  f>'pes  of  solid  particles  or  clumps  of  solid  particles.  In  addition,  the  velocity  and  distribution  of 

material  being  ejected  were  also  of  interest. 

Experimental  Setup 

A  schematic  of  the  experimental  setup  used  in  the  research  is  shown  in  Figure  1.  The  output 
beam  (10  x  20  mm)  from  the  front  excimer  laser  (Questek  Model  2860  operating  on  KrF  with 
unstable  optics,  A  =  248  nm)  is  brought  directly  into  the  ^•acuum  chamber  where  it  is  focused  to 
a  spot  size  of  approximately  10^  /rm*.  The  spot  size  was  determined  experimentally  by  moving  a 
razor  blade  through  the  focal  point  and  taking  a  ratio  of  transmitted  energy,  Ej,  to  input  energy, 

I 

4  El.  The  energies  were  measured  with  two  Molectron  Model  J50  detectors  whose  output  was  coupled 
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to  an  A/D  board  in  an  IBM  PC  AT  computer  for  processing.  The  FWHM  size  of  the  focal  spot 
as  shown  in  Fig.  2  was  95  fim  high  by  115  /rm  wide.  The  maximum  irradiance  value  used  in  the 
i  work  reported  here  was  approximately  10*^  W/cm^  which  is  based  on  a  pulse  length  of  17  ns,  pulse 

energy  of  400  mJ,  and  10'*  pm^  spot  size.  The  second  excimer  laser,  identical  to  the  first  except 
for  having  stable  optics,  is  incident  on  the  vacuum  chamber  in  a  direction  orthogonal  to  both  the 
high  energy  laser  pulse  used  to  heat  the  particles  and  the  motion  of  the  solid  particles,  serves  as 
*  the  illumination  source  for  imaging  studies  and  velocity  measurements.  The  pulse  from  the  second 

excimer  laser  was  split  into  two  separate  pulses,  one  of  which  was  sent  directly  to  the  vacuum 
chamber  over  a  minimum  optical  path  length,  and  the  second  which  was  sent  over  an  additional 
45  feet  of  optical  path.  Consequently,  two  17  ns  pulses  delayed  by  approximately  45  ns  allowed 
determination  of  the  velocity  of  the  expelled  material  by  measuring  the  distance  the  material  had 
traveled  during  the  45  ns  interval.  The  absolute  delay  time  between  the  firing  of  the  second  excimer 
(imaging)  laser  and  the  first  excimer  (high  energj’)  laser  was  controlled  by  a  digital  delay  generator 
incorporated  into  the  laser  sync  unit  and  could  be  adjusted  over  a  time  range  from  10  ns  to  several 
microseconds.  Jitter  in  the  laser  circuitry,  however,  resulted  in  the  absolute  delay  times  between 
the  two  lasers  to  have  an  uncertainty  of  about  1 10  ns  (recently  reduced  to  l7  ns). 

Images  of  the  explosion  dynamics  were  recorded  on  a  vidicon  (Cohu  camera  system)  and  the 
data  stored  on  an  optical  memory  disk  recorder  (Panasonic  model  TQ-2023F).  The  streak  images 
were  obtained  using  a  Hamamatsu  Streak  Camera  (Model  M2548)  which  was  oriented  orthogonal 
to  the  direction  of  the  high  energy  pulse  and  provided  information  regarding  the  duration  of  the 
plasma  emission. 

The  solid  particles  were  dispersed  using  a  mechanical  shaker  which  consisted  of  a  particle 
reservoir  mounted  on  an  acoustic  speaker.  The  input  frequency  and  amplitude  were  adjusted  using 
a  Tektronixs  Model  FG  503  function  generator  and  a  Nikko  Model  Alpha  230  power  amplifier  so 
that  the  desired  particle  concentration  was  distributed  in  the  focal  region  of  the  high  energj’  laser 
beam. 

The  vacuum  chamber  consisted  of  a  stainless  steel  cylinder  (11.5  inches  diameter,  6.5  inches 
high)  with  9  optical  viewing  ports.  High  vacuum  conditions  were  obtained  using  a  cryogenic  pump 
(CTI  Cryogenics,  Cryo-torr  100  high  vacuum  pump)  connected  to  the  base  of  the  vacuum  chamber 
through  an  eight-inch  hole  in  the  Newport  research  optical  table.  Pressures  within  the  vacuum 
chamber  were  monitored  using  a  thermocouple  and  ion  gauge. 


Results 


Dynamics  of  Particle  Breakup 

Using  the  experimental  arrangement  described  in  the  previous  section,  we  investigated  the 
laser-induced  breakdown  of  AI2O3,  W,  SiC  glass  spheres,  A1  spheres,  ground  fused  silica  (Suprasil), 
and  polystyrene  divinylbenzene.  Since  the  AI2O3,  W,  SiC,  and  ground  fused  silica  were  not  spherical 
in  form,  it  was  difficult  to  distinguish  material  being  ejected  due  to  high  energy  laser  interaction 
from  additional  particles  in  the  field  of  view.  However,  the  basic  interactions  were  similar  to  those 
observed  with  spherical  particles,  and  we  report  results  only  on  the  spherical  materials.  Video 
tapes  for  the  other  materials  interacting  with  excimer  laser  radiation  were  given  to  CRDEC  project 
monitors. 

Figures  3-5  show  the  typical  interaction  of  A  =  248  nm  laser  radiation  at  I  w  10^'  W/cm^ 
with  A1  spheres  at  pressures  of  760  Torr,  0.1  Torr  and  3x10“®  Torr.  Note  the  evidence  of  shock 
formation  under  atmospheric  conditions  shown  in  Fig.  3  which  was  absent  for  both  intermediate 
and  high  %'acuum  conditions.  The  dynamics  of  the  explosion  process  shown  in  Fig.  3  are  also 
strongly  influenced  by  the  relative  location  of  the  particles  within  the  focal  region.  Fig.  6  shows 
the  elastically  scattered  A  =  248  nm  radiation  from  the  A1  particles  and  glass  spheres  during 
the  17  ns  laser  heating  pulse  (no  imaging  pulse).  The  bright  spots  serve  as  spatial  and  time 
!  reference  markers  as  illustrated  in  Figs.  3-5.  Figures  7  and  8  show  the  typical  interaction  of  glass 

microspheres  under  the  same  illumination  conditions  as  for  A1  particles.  Again,  shock  formation 
is  exhibited  for  the  atmospheric  pressure  case.  Figure  9  shows  the  interaction  of  a  large  230  iim 
polystrene  divinylbenzene  particle  with  A  =  248  nm  radiation  in  air  at  10^°  W/cm^.  Filamentry 
formations  can  be  observed  extending  outward  from  the  plasma  corona.  Our  work  also  agreed  with 
Dhareshwar,  et  al.^  where  the  high  atomic  number  (Z)  targets  show  much  more  pronounced  plasma 
jetting.  Velocity  information  of  bulk  material  and  plumes  were  obtained  from  either  single  delayed 
^  imaging  pulses  or  dual  delayed  imaging  pulses  with  a  45  ns  optical  path  difference.  Table  1  shows 

typical  velocities  obtained  for  either  plumes  or  bulk  material. 

.4s  illustrated  in  Figs.  3-5  and  7-8,  material  is  being  ejected  from  the  shadow  surface  of  the 
A1  and  glass  spheres.  The  ejection  of  this  material  from  the  shadow  surface  was  surprising  since 

the  index  of  refraction  of  Al,  for  example,  at  A  =  248  nm  is  n  =  0.19  -1-  2.942  i  and  theoretical 

f 

Mie  calculations  indicate  extremely  high  absorption  on  the  illuminated  surface.  Based  on  the  short 


time  scales  for  the  appearance  of  this  material,  a  possible  explanation  of  this  material  ejection  is 
due  to  spallation  from  shock  phenomena  off  the  shadow  side  of  the  spheres.  Bol’shov  et  al.'  report 
shock  velocities  of  9  x  10^  m/sec  on  the  shadow  surface  of  thick  aluminum  foils  at  5  x  10'^  \V/cm*. 

Lifetimes  of  Plasma  Emissions 

Observations  of  laser  induced  time  dependent  plasma  formation  were  made  with  a  Hamamatsu 
streak  camera.  The  data  was  obtained  using  the  vacuum  chamber  with  the  pressure  ranging  from 
760  Torr  to  1  x  10~®  Torr.  The  streak  camera  was  set  at  right  anjies  to  the  excimer  laser  beam 
(A  =  248  nm)  used  to  heat  and  vaporize  the  solid  particles.  The  bi^ad  band  light  emission  from 
the  plasma  was  focused  through  a  fused  silica  lens  onto  the  entrance  slit  of  the  streak  camera  with 
sensitivity  ranging  from  200  -  800  nm.  Sweeping  speeds  of  the  streak  camera,  which  could  be 
adjusted  from  10  ns  to  1  ms,  were  used  to  study  plasma  emission  times. 

Figure  10  gives  the  result  of  the  air  breakdown  initiated  by  the  excimer  laser  irradiation. 
From  Fig.  10  we  see  that  the  breakdow-n  region  extends  3.5  mm  along  the  main  beam  axis.  The 
plasma  emission  reached  its  peak  intensity  within  the  first  10-12  ns,  and  then  decayed  in  time. 
Broad  spectral  emission  lasted  more  than  100  ns  after  the  main  laser  pulse  ended.  Figure  11  shows 
the  results  of  the  interaction  A  =  248  nm  irradiation  with  20  fira  diameter  aluminum  spheres. 
At  atmospheric  pressure  (Figure  11a)  with  the  presence  of  aluminum  spheres,  the  laser-induced 
plasma  emission  was  enhanced.  The  spatial  region  of  the  plasma  extended  over  4.5  mm.  The  peak 
intensity  was  about  three  times  higher  than  that  without  the  spheres.  The  emission  lasted  more 
than  800  ns  after  the  main  pulse  had  ceased.  In  vacuum,  (Figure  11b)  at  0.1  Torr  and  (Figure  11c) 
at  5  x  10“®  Torr,  the  plasma  emission  showed  different  characteristics.  For  example,  the  spatial 
emission  regions  were  more  confined  and  the  peak  intensities  decreased.  (Note  that  the  data  in 
Figure  11c  was  taken  at  higher  streak  camera  sensitivity.)  The  emissions  in  \acuum  lasted  only 
30-50  ns,  which  were  much  shorter  than  that  at  atmospheric  pressure.  Figure  13  gives  the  plasma 
emission  time  for  air,  glass,  and  A1  spheres  under  different  pressures. 

Under  vacuum  conditions,  shown  in  Figs.  11  and  12,  the  plasma  emissions  showed  two-peak 
structure.  By  using  a  band  pass  filter,  the  first  peak  was  showm  to  come  from  the  elastic  scattering 
of  the  248  nm  incident  light,  and  the  second  peak  was  the  broad  band  emission.  Batanov,  et 
al.^  suggest  that  at  certain  temperatures  metallic  conductivity  ceases  and  liquid  metal  becomes  a 
liquid  dielectric  and  becomes  almost  transparent  to  the  incident  radiation.  Figure  12  gives  similar 


results  for  interactions  of  A  =  248  nm  irradiation  with  5-50  micron  glass  spheres.  The  physical 
characteristics  of  the  plasma  emissions  were  very  similar  to  aluminum  spheres.  However,  plasma 
emission  lifetimes  increased  and,  in  our  experiments,  the  maximum  observed  lifetime  was  2,700  ns. 

At  atmospheric  pressure  without  particles  being  present,  the  air  breakdown  is  initiated  by 
multi-photon  ionization  (the  ionization  potential  for  air  is  approximately  14  eV),  which  provides  the 
initial  free  electrons  for  the  cascade  ionization  processes.®  In  air  breakdown  the  cascade  processes 
dominated  the  ionization  process  and  accounts  for  the  major  absorption  of  the  incident  energy. 
However,  with  the  presence  of  aluminum  spheres  or  glass  spheres,  the  ionization  processes  were 
enhanced.  For  the  case  where  particles  are  also  present,  the  lower  energy  required  for  remo\’al  of 
electrons  from  aluminum  atoms  where  the  work  function  of  A1  is  4  eV  and  the  ionization  potential 
is  6  eV  results  in  more  free  electrons  for  cascade  processes  to  initiate.  In  fact,  the  direct  ionization 
through  photoelectric  effects  and  multi-photon  ionization  (for  A1  only  1  to  2  photons  are  needed) 
played  an  important  role  in  the  ionization  process,  under  \’acuum  conditions  since  cascade  ionization 
becomes  less  important®.  In  our  experiments,  at  pressures  of  0.1  Torr  and  lower,  no  air  breakdown 
could  be  observed.  However,  at  these  same  low  pressures  (0.1  Torr  and  4  x  lO"®  Torr),  w-hen 
aluminum  particles  were  present,  strong  plasma  emissions  were  observed  which  indicates  that  the 
photoelectric  effects  and  the  multi-photon  ionization  were  the  main  mechanisms  of  plasma  formation 
in  vacuum  environments. 


Conclusions 

The  current  work  reports  the  interaction  of  short  wavelength  A  =  248  nm  excimer  radiation  at 
10^'  W/cm^  with  solid  particles  in  air  and  vacuum  conditions.  Material  was  shown  to  be  ejected 
from  the  shadow  surface  of  all  materials  studied  except  for  the  230  fim  polystyrene  divinylbenzene 
particles.  Velocities  measured  for  the  ejected  material  in  the  plumes  were  comparable  to  the 
sonic  velocities  in  the  materials  and  ranged  from  200  to  2000  m/s.  Plasma  lifetimes  decrease  as  the 
surrounding  gas  pressures  were  reduced.  Plasma  lifetimes  ranging  from  40  to  2700  ns  were  measured 
and  found  to  decrease  as  the  surrounding  gas  pressures  were  reduced  and  greatly  increased  with 
the  presence  of  small  solid  particles. 
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Fig.  1.  Schematic  of  experimental  setup. 
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Fig.  2.  (Top)  Temporal  profile  of  a  typical  output  pulse  of  a  Questek  Model  2860  excimer  laser  using 
Krypton  Fluoride  (A  =  248  nm).  (Bottom)  Experimental  determination  of  focused  beam  waist 
by  measurement  of  pulse  energy  transmitted  past  a  knife-edge  translated  through  the  focal  point 
of  the  beam  (Focusing  lens;  ^  =  50  mm,  /  =  250  mm). 
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Fig.  5.  Dual  exposure  of  the  interaction  of  two  adjacent  20  /rrn  aluriiinum  spheres  with  intense  UV  radiation 
(A  =  248  nm,  1  »  10“  W/cm’)  50  and  95  ns  after  pulse  incidence.  Computed  velocity  of  the  upper  and 
lower  plumes  are  1300  and  1700  in/s,  respectively.  The  bright,  white  spots  locate  the  initial  interaction 


Beam  propagation 


Fig.  6.  Images  taken  without  any  imaging  beam  illumination  of  the  interaction  of  20  /rm  aluminum 
spheres  (top)  and  5-50  /jm  glass  spheres  (bottom)  with  intense  UV  radiation  (A  =  248  nm,  I 
w  10”  W/cm^).  The  only  light  observed  is  scattered  248  nm  light  due  to  the  presence  of  a 
bandpass  filter. 
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Fig.  13.  Plasma  emission  time  as  a  function  of  absolute  pressure  for  air, 
and  aluminum  and  gleiss  spheres. 
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ABSTRACT 

New  applications  and  extensions  of  our  spherical  particle/arbitrary  beam  electromagnetic  in¬ 
teraction  theory  are  presented.  The  topics  include  a  further  analysis  of  focal  point  positioning 
effects  at  resonance,  the  determination  of  the  net  radiation  force  and  torque  on  the  particle,  the 
determination  of  the  spatial  distribution  of  radiation  forces  within  and  upon  the  surface  of  the 
particle,  and  the  determination  of  the  interactive  internal  and  external  electromagnetic  fields  for  a 
beam  incident  upon  two  adjacent  particles  of  differing  size  and  material  and  of  arbitrary  spatial  po¬ 
sitioning.  Future  work  will  involve  further  refinement  of  these  developments  and  an  effort  to  obtain 
direct  comparisons  between  theoretical  calculations  and  corresponding  experimental  measurements. 

I.  INTRODUCTION 

The  theoretical  determination  of  the  electromagnetic  fields  (and  resultant  electromagnetic 
phenomena)  associated  with  the  interaction  of  a  tightly-focused  monochromatic  beam  (laser  beam) 
with  a  spherical  particle  is  considered.  The  electromagnetic  fields  are  calculated  using  our  spheri¬ 
cal  particle/arbitrary  beam  interaction  theory.*  The  spherical  particle/arbitrau-y  beam  interaction 
theory  has  been  previously  used  to  investigate  the  heating  of  droplets  within*  and  moving  through* 
a  focused  laser  beam,  and  to  investigate  the  effects  of  focal  point  positioning  on  the  excitation  of 
structural  resonances  within  a  spherical  particle.^  In  this  paper,  after  giving  a  brief  review  of  the 
spherical  particle/arbitrary  beam  interaction  theory  (including  the  development  an  improved  Gaus¬ 
sian  beam  description)  in  Sec.  II.,  the  following  recent  applications  and  extensions  of  the  theory 
are  presented:  in  Sec.  III.,  further  analysis  of  focal  point  positioning  effects  at  resonance;  in  Sec. 
rV.,  net  radiation  force  and  torque  on  a  particle;  in  Sec.  V.,  radiation  force  distributions  within 
and  upon  the  surface  of  a  particle;  and  in  Sec.  VI.,  beam  incident  upon  two  adjacent  particles  of 
differing  size  and  material  and  of  arbitrary  spatial  positioning. 

II.  REVIEW  OF  SPHERICAL  PARTICLE/ARBITRARY  BEAM  THEORY 

A  continuous,  monochromatic  beam  propagating  within  a  homogeneous,  isotropic,  nonmag¬ 
netic,  nonabsorbing  dielectric  media  incident  upon  a  homogeneous,  isotropic,  nonmagnetic  spherical 
particle  is  assumed.  For  a  beam  of  arbitrary,  but  known,  mathematical  description,  the  electromag¬ 
netic  fields  internal  to  and  external  to  the  spherical  particle  can  be  determined  using  an  extension 
of  plane  wave  Lorenz-Mie  theory  which  we  refer  to  as  the  spherical  particle/arbitrary  beam  inter¬ 
action  theory.  A  complete  derivation  of  the  procedure  is  presented  in  Ref.  1.  The  field  component 
equations,  in  nondimensionalized  form,  are  given  in  App.  A.  A  spherical  coordinate  system  with 
the  oripn  at  the  sphere  center  is  utilized.  For  the  calculations  of  this  paper,  the  beam  is  assumed 
to  be  a  fundamental  (TEMoo  mode)  Gaussian-profiled,  linearly-polariz^  beam  propagating  in  the 
-i-z  axis  direction  with  predominate  electric  field  polarization  in  the  x  axis  direction. 

In  order  to  calculate  the  electromagnetic  field  components  internal  to  and  external  to  the 
spherical  particle,  it  is  necessary  that  the  electromagnetic  field  components  of  the  incident  beam 


be  known.  A  fifth-order  corrected  Gaussian  beam  description  was  derived®  which  provides  an  im¬ 
proved  solution  to  Maxwell’s  equations  in  comparison  with  the  previously  used  first-order  Gaussian 
beam  description.*  The  use  of  the  fifth-order  corrected  Gaussian  beam  description  is  particularly 
important  for  calculations  involving  tightly-focused  beams,  where  the  beam  waist  diameter  may  be 
of  the  same  order  as  the  wavelength.  The  equations  for  the  electromagnetic  field  components  for  a 
fifth-order  corrected  Gaussian  beam  are  presented  in  App.  B.  The  derivation  of  the  these  equations 
is  ^ven  in  Ref.  5. 

The  fundamental  parameters  for  the  analysis  of  a  focused  Gaussian  beam  incident  upon  a 
spherical  particle  are  as  follows:  the  dielectric  constant  of  the  medium,  Ceii;  the  particle  size 
parameter,  a  =  27ra/Aert,  where  a  is  the  particle  radius  and  Xext  is  the  wavelength  of  the  incident 
beam  in  the  external  media;  the  complex  relative  refractive  index  of  the  particle,  n  = 
the  beam  waist  diameter,  u7o»  the  coordinate  location  of  the  center  of  the  spheric^  particle 
relative  to  the  focal  point  of  the  incident  beam,  (a;o,yo5'2^o)-  Electromagnetic  field  components  are 
nondimensionalized  relative  to  the  incident  beam  focal  point  electric  field,  Eq,  which  can  be  related 
to  the  beam  power  by® 

IP  [2  _  _ _  /.X 

°  y/€cwl{l  +  s*  +  1.5s^)  * 

wheie  s  =  (l/atDo).  A  tilde  (')  above  a  spatial  quantity  indicates  that  the  quantity  has  been 
nondimensionalized  relative  to  the  particle  radius,  a. 

III.  FURTHER  ANALYSIS  OF  FOCAL  POINT  POSITIONING  EFFECTS  AT  RES- 
ONANCE 

In  a  recently  published  paper, ^  our  spherical  particle/arbitrary  beam  interaction  theory  was 
used  to  investigate  the  effect  of  beam  focal  point  positioning  on  the  excitation  of  structural  res¬ 
onances  within  a  spherical  particle.  In  this  work,  calculations  were  performed  using  parameters 
corresponding  to  having  a  1.06  /xm  wavelength,  4  /xm  waist  diameter,  linearly-polarized  Gaussian 
beam  incident  upon  a  10  /xm  diameter  water  droplet  (n  =  1.33  -f-  5.0xl0"®i).  The  effect  of  focal 
point  positioning  on  the  excitation  of  resonances  was  evaluated  for  both  a  droplet  at  a  magnetic 
wave  resonance  (34*'*  mode,  1  order,  a  =  4.954  /xm,  a  =  29.365,  wq  =  0.404)  and  a  droplet  at 
an  electric  wave  resonance  (34"*  mode,  1*‘  order,  a  =  5.019  /xm,  a  =  29.753,  wo  =  0.399).  For 
such  a  tightly-focused  beam  (beam  waist  diameter  less  than  the  droplet  diameter)  it  was  found 
that  structural  resonances  are  not  excited  for  on  sphere  center  focal  point  positioning.  Resonance 
excitation  requires  edge  illumination.  For  the  magnetic  wave  resonance  droplet,  the  resonance  was 
excited  when  the  beam  focal  point  was  moved  from  the  sphere  center  towards  the  surface  of  the 
sphere  along  the  y  axis  (perpendicular  to  the  direction  of  incident  electric  field  polarization)  and, 
for  the  electric  wave  resonance  droplet,  the  resonance  was  excited  when  the  beam  focal  point  was 
moved  from  the  sphere  center  towards  the  surface  of  the  sphere  along  the  x  axis  (parallel  to  the 
direction  of  incident  electric  field  polarization).  Maximum  resonance  excitation  occurs  when  the 
beam  focal  point  is  located  just  beyond  the  surface  of  the  droplet  (at  po  «  ±  1-175  for  the  magnetic 
wave  resonance  droplet  and  at  f o  ^  1.160  for  the  electric  wave  resonance  droplet). 

The  excitation  of  resonance  for  edge  illumination  is  exhibited  by  the  development  of  a  solid 
ring  of  increased  normalized  source  function  (S  =  |.^|*/|Eo|*)  just  inside  the  sphere  surface.  Fig.  1 
shows  the  normalized  source  function  distribution  in  the  y-z  plane  for  the  magnetic  wave  resonance 
droplet  with  on-edge  illumination  (fo  =  0,po  =  — 1.175,  io  =  0).  Further  details  may  be  found  in 
Ref.  4. 

It  was  suggested,®  that  the  ring  of  increased  normalized  source  function  just  within  the  surface 
of  ^  edge  iUuminated,  excited  resonance,  droplet  may  be  the  result  of  the  droplet  acting  as  an 
optical  cavity  with  light  circling  near  the  surface  of  the  droplet.  To  test  this  hypothesis,  the 
calculation  of  Fig.  1  was  repeated  with  two  beams  incident  upon  the  droplet:  the  original  beam 
at  the  right-hand-side  of  the  droplet  (po  =  -  1.175)  and  a  second  identical  beam  at  the  left-hand- 
side  of  the  droplet  (po  =  -f-  1.175).  R  the  droplet  is  acting  as  an  optical  cavity,  the  two  beams 
should  produce  circles  of  light  propagating  in  opposite  directions  which  will  result  in  a  pattern  of 
constructive  and  destructive  interference.  As  shown  in  Fig.  2,  this  was  the  obtained  result.  The 


interference  pattern  for  a  resonance  droplet  with  on-edge,  two  beam  illumination  is  quite  similar 
to  that  observed  for  the  same  resonance  droplet  with  plane  wave  illumination  as  is  given  in  Ref.  4. 

As  a  further  test  of  the  optical  cavity  nature  of  a  droplet  at  resonance,  the  spatial  distribution 
of  the  time-averaged  Poynting  vector  was  calculated  for  the  magnetic  wave  resonance  droplet  with 
single  beam  incident  illumination  corresponding  to  Fig.  1.  A  plot  of  the  Poynting  vector  distribution 
in  the  y-z  plane  is  given  in  Fig.  3.  Since  the  region  near  the  surface  of  the  droplet  is  of  primary 
interest,  the  plot  emphasizes  the  near-surface  and  extends  from  f  =  0.8  (at  the  center  of  the  plot) 
to  f  =  1.0  (at  the  outer  radius  of  the  plot).  As  seen  in  Fig.  3,  the  Poynting  vectors  indicate  a 
circular  flow  of  energy  just  within  the  surface  of  the  droplet. 

Further  calculations  investigating  the  optical  cavity  nature  of  a  droplet  at  resonance  is  in 
progress  and  will  be  submitted  in  the  form  of  a  journal  paper  in  the  near  future. 

IV.  NET  RADIATION  FORCE  AND  TORQUE 

Series  form  expressions  for  the  net  radiation  force  and  torque  induced  on  a  spherical  particle 
illuminated  by  an  arbitrarily-defined  monochromatic  beam  were  derived.  As  an  example,  the  net 
force  and  torque  for  a  5  /im  diameter  water  droplet  optically  levitated  by  a  vertically-oriented, 
tightly-focused  (2tno  =  2  fim),  TEMoo  mode  argon-ion  laser  beam  were  determined  and  examined 
for  on  and  off  propagation  axis  and  on  and  off  structural  resonance  conditions.  This  work  is 
presented  in  a  paper  in  press  (Ref.  7)  and  the  reader  is  referred  to  this  paper  for  details.  Only  a 
partial  summary  will  be  provided  here. 

For  a  steady-state  condition,  the  net  radiation  force,  F,  on  the  particle  can  be  determined  by 
integrating  the  dot  product  of  the  outwardly-directed  normal  unit  vector,  n,  and  the  electromagnetic 
stress  tensor,  T,  over  a  surface  enclosing  the  particle,® 

<  F  >=  <  ^  ”  ’fdS  >  (2) 

where  <>  represents  a  time  average.  The  appropriate  form  of  the  electromagnetic  stress  tensor  to 
use  in  Eq.  (l)  is  the  topic  of  recent  reviews  by  Robinson®  and  Brevik.*®  Apparently,  for  steady-state 
optical  conditions,  the  traditional  Minkowski  form  of  the  electromagnetic  stress  tensor, 

f=^[ED  +  BH-^{E-D  +  H-H)I]  (3) 

will  give  correct  results.  Similarly,  the  net  radiation  torque,  N,  on  the  particle  can  be  determined 
by  performing  a  surface  integral  of  the  dot  product  of  the  outwardly-directed  normal  unit  vector, 
n,  and  the  pseudo-tensor,  T  x  r,  over  a  surface  enclosing  the  particle,® 

<  N  >=  -  <  ^  n  (f  xf)dS  >  .  (4) 

Series  form  expressions  for  the  net  radiation  force  and  torque  on  a  spherical  particle  can  be 
derived  by  1.)  using  Eq.  (3)  to  substitute  for  T  in  Eqs.  (2)  and  (4),  2.)  loosing  the  integration 
surface  as  a  spherical  surface  in  the  far  field  (f  =»  oo),  3.)  substituting  for  the  electromagnetic 
field  components  using  the  series  expressions  of  App.  A,  and  4.)  integrating  directly  by  applying 
recursion,  product,  and  orthogonality  relationships  among  the  spherical  harmonic  functions.  After 
a  great  deal  of  effort,  series  expressions  for  the  components  of  net  radiation  force  and  torque  in 
terms  of  the  incident  field  coefficients  (A{m)B<m)  smd  the  scattered  field  coefficients  (a/m,b(m)  were 
derived  and  subsequently  verified.  These  equations  are  given  in  App.  C. 

The  theoretical  expressions  of  App.  C  were  used  to  determine  the  radiation  force  and  torque 
as  a  function  of  droplet  position  relative  to  the  incident  beam  focal  point  for  a  5  fim  diameter  water 
droplet  in  air  optically  levitated  by  a  single,  vertically-oriented,  focused  TEMqo  mode  (Gaussian- 
profiled)  argon-ion  laser  beam  (A  =  0.5145  /xm,  n  =  1.334  +  1.2xl0“*i).  The  laser  beam  is 
tightly-focused  to  a  beam  waist  diameter  (2wo)  of  2  /tm  (less  than  the  droplet  diameter). 


Figure  4  shows  the  calculated  power  for  levitation  as  a  function  of  droplet  diameter  for  droplets 
located  on  the  incident  beam  propagation  axis  (xo  =  yo  =  0)  for  an  elevation  just  below  the  focal 
point  at  zo  =  -  5  fim  and  an  elevation  well  above  the  focal  point  at  zq  =  +  50  nm.  (These  are 
positions  of  stable  levitation,  as  will  be  shown  later,  in  Fig.  5.)  At  zq  =  -  5  fim,  the  beam  diameter 
is  about  2.6  fim  (less  than  the  droplet  diameter)  while  at  zo  =  +  50  fim  the  beam  diameter  has 
spread  to  about  16.5  /xm  (greater  than  the  droplet  diameter). 

Although  there  is  no  directly  comparable  experimental  data,  the  requirement  of  a  few  milliwatts 
of  laser  power  to  levitate  a  5  /xm  diameter  water  droplet  in  air  (as  shown  in  Fig.  4)  is  consistent 
with  the  measurements  of  Ashkin  and  Dziedzic^^  in  which  a  a  4  fim  diameter  latex  sphere  was 
levitated  using  «  1  mW  of  laser  power  and  the  levitation  of  a  glycerol  droplet  evaporating  from  a 
diameter  of  12  /xm  to  1  /xm  required  a  range  of  laser  powers  from  40  mW  to  0.2  mW. 

At  an  elevation  of  Zo  =  50  /xm.  Fig.  4  indicates  that  at  certain  droplet  diameters  there  is  a 
decrease  in  the  necessary  power  to  levitate.  This  phenomena  is  a  result  of  structural  resonances 
within  transparent  water  droplets  at  this  wavelength.  These  structural  resonances  can  each  be 
associated  with  the  excitation  of  particular  radial  modes  of  the  general  electromagnetic  wave  solu¬ 
tion.  The  presence  of  structural  resonances  in  the  power  to  levitate  at  a  given  elevation  has  been 
experimentally  observed  by  Ashkin  and  Dziedzic**’*^.  Ashkin  and  Dziedzic^*  also  observed  that 
if  the  droplet  is  levitated  near  the  focal  point  where  the  beam  diameter  is  less  that  the  diameter 
of  the  sphere,  then  structural  resonances  are  not  present.  Figure  4  indicates  a  lack  of  structural 
resonances  for  z^,  =  -  5  /xm  where  the  beam  diameter  (2.6  /xm)  is  less  than  the  droplet  diameter 
(5  fim)  consistent  with  Ashkin  and  Dziedzic’s  observation.  As  discussed  in  Sec.  III.,  structural 
resonances  in  spherical  particles  require  edge  illumination  for  excitation  and  thus  would  not  be 
excited  for  the  tightly- focused  conditions  at  Zq  =  -  5  /xm. 

I  The  nature  (electric  or  magnetic),  mode,  and  order  of  the  structural  resonances  of  Fig.  4  were 

identified,  and  detailed  calculations  were  performed  for  the  three  basic  types  of  droplets;  a  droplet 
at  a  magnetic  wave  resonance  (35‘*  mode,  1*'  order,  d  =  4.9266  /xm),  a  droplet  at  an  electric  wave 
resonance  (Sfi*'*  mode,  1*‘  order,  d  =  4.9912  /xm),  and  an  intermediate  nonresonance  droplet  (d  = 
4.96  fim). 

Figure  5  shows  the  power  to  levitate  a  droplet  located  on  the  propagation  axis  as  a  function 
^  of  elevation  for  each  of  the  three  types  of  droplets.  There  is  an  increase  in  required  laser  power  for 

droplets  located  near  the  focal  point  because  of  decreased  diffraction  due  to  the  strong  focusing 
through  the  center  of  the  spherical  droplet.  For  a  given  type  of  droplet  there  are  then  three  loc^ 
extrema  in  levitation  power.  A  first  minimum,  Pi„„,  that  occurs  below  the  focal  point,  a  maximum, 
Pmax,  that  occurs  near  the  focal  point,  and  a  second  minimum,  that  occurs  above  the  focal 
point.  (For  the  cases  considered  here,  P)„,„  <  PminO  Stable  levitation  occurs  in  regions  of  positive 
slope  of  P  versus  Zq.  From  Fig.  5  it  is  then  apparent  that  there  are  three  general  regimes  of  stable 
I  levitation.  1.)  If  Pmor  <  P?  then  the  droplet  will  stably  levitate  at  a  single  elevation  above  the  focal 

point.  2.)  If  Pj„.„  <  P  <  Pmox  then  the  droplet  levitation  is  bistable,  and  the  droplet  can  be  stably 
levitated  either  above  the  focal  point  or  below  the  focal  point.  3.)  If  Pi„>,  <  P  <  P^,„  then  the 
droplet  will  stably  levitate  at  a  single  elevation  below  the  focal  point.  If  P  <  Pm,„  then  the  droplet 
cannot  be  stably  levitated  at  any  position.  Bistable  levitation  for  a  spheric^  particle  levitated 
using  a  tightly-focused  laser  beam  has  been  experimentally  observed  by  Ashkin  and  Dziedzic’^, 
who  also  observed  that  the  particle  could  be  easily  transferred  from  one  stable  position  to  the  other 
I  and  back.  If  the  particle  begins  at  the  above  focal  point  position,  a  decrease  in  laser  power  will 

allow  the  particle  to  drop  towards  the  focal  point  until  P  =  Pm,„.  If  the  laser  power  is  further 
decreased  slightly,  the  particle  will  drop  through  the  focal  point  to  the  below  focal  point  position 
since  Pj„j„  <  Pmtn*  Increasing  the  laser  power  would  raise  the  particle  towards  the  focal  point 
until  P  =  Pmax*  ^  the  laser  power  is  further  increased  slightly  above  Pmax>  the  particle  will  rise 
through  the  focal  point  back  to  the  above  focal  point  position. 

For  the  droplet  located  on  the  laser  beam  propagation  axis  (z-axis),  the  horizontal  force  com- 
ponents  and  all  components  of  torque  are  zero,  as  is  obvious  from  symmetry  and  as  was  verified  by 
*  the  equations  in  App.  C.  If  the  droplet  is  displaced  in  the  horizontal  direction,  stabilizing  forces 

act  so  as  to  push  the  droplet  back  towards  the  beam  propagation  axis.  (This  is  true  for  ^(n)  > 
1,  as  considered  here.  If  Re(n)  <  1,  then  the  horizontal  forces  push  the  droplet  away  from  the 


I 
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propagation  axis  and  there  is  no  stable  levitation.)  Also,  if  the  droplet  is  displaced  in  the  horizon¬ 
tal  direction,  a  torque  is  induced  on  the  droplet  since  the  beam  intensity  profile  now  presents  an 
f  asymmetrical  incident  light  distribution  across  the  droplet.  Calculations  of  horizontal  acceleration 

(a  =  <  F  >/m)  and  induced  angular  acceleration  (u  =  N /I,  where  I  =  2ma*/5)  were  performed 
ioT  droplet  ^splacement  along  both  the  x-axis  and  y-axis  for  elevations  at  Zo  =  +  50  fim  and  Zq  = 
-  5  ^im.  Accelerations  were  calculated  assuming  a  laser  power  necessary  to  levitate  the  droplet  at 
the  particular  elevation  as  if  the  droplet  were  located  on  the  propagation  axis  as  is  given 
in  Fig.  5. 

Figures  6  and  7  are  for  droplets  at  an  elevation  of  5  fim  below  the  focal  point  where  the 
i  beam  diameter  {2wo  =  2.6  /rm)  is  less  than  the  droplet  diameter.  Figure  6  shows  the  restoring 

acceleration  for  a  droplet  displacement  along  the  x-axis.  The  restoring  accelerations  are  similar  for 
all  three  types  of  droplets  and  are  a  maximum  at  about  2  /im  away  from  the  propagation  axis. 
(Note  in  Figs.  4  and  5,  the  levitation  powers  for  all  three  types  of  droplets  are  approximately  equal 
at  Zo  =  -  5  y.m.) 

Figure  7  shows  the  y-component  angular  acceleration  (N^  =  N*  =  0)  induced  when  the  droplet 
is  displaced  along  the  x-axis  at  the  Zo  =  -  5  ftm  elevation.  The  induced  angular  acceleration  increases 
from  zero  as  the  droplet  is  moved  away  from  the  propagation  axis  and  reaches  a  maximum  before 
diminishing  to  zero  as  the  droplet  is  moved  on  out  of  the  beam.  The  induced  torque  is  greatest  for 
the  electric  wave  resonance  droplet  for  x-axis  displacements.  The  x-component  angular  acceleration 
(Ny  =  N,  =  0)  induced  when  the  droplet  is  displaced  along  the  y-axis  (not  shown)  has  features 
similar  to  those  for  the  x-axis  displacement  except  that  it  is  the  magnetic  wave  resonance  droplet 
that  has  the  greatest  induced  torque.  The  increase  in  induced  torque  for  the  resonance  droplets  as 
the  droplet  is  moved  to  the  edge  of  the  beam  is  consistent  with  the  developments  of  Ref.  4  where 
it  was  found  that  structural  resonances  are  excited  by  on-edge  illumination  with  electric  wave 
resonances  more  strongly  excited  for  beams  moved  along  the  x-tixis  (in  the  direction  of  the  incident 
beam  electric  field  polarization)  and  magnetic  wave  resonances  more  strongly  excited  for  beams 
moved  along  the  y-axis  (perpendicular  to  the  incident  beam  electric  field  polarization).  Additional 
results  and  observations  are  presented  in  Ref.  7. 

,  V.  RADIATION  FORCE  DISTRIBUTION 

For  a  small  particle  illuminated  by  intense  laser  light,  the  internal  absorption  of  the  light 
and  the  reflection  and  refraction  of  the  light  at  the  surface  result  in  changes  of  electromagnetic 
momentum  which  produce  local  forces.  The  theoretical  determination  of  the  net  radiation  force 
and  torque  induced  on  a  spherical  particle  illuminated  by  a  focused  laser  beam  was  considered  in 
Sec.  IV.  Of  additional  interest  is  the  determination  of  the  spatial  distribution  of  the  radiation  forces 
j  within  and  upon  the  surface  of  the  particle.  An  understanding  of  the  distribution  of  the  radiation 

forces  would  be  particularly  useful  for  applications  involving  the  laser  diagnostics  of  liquid  droplets. 
For  liquid  droplets,  an  asymmetrical  radiation  force  distribution  may  appreciably  distort  the  shape 
of  the  droplet,  which,  in  turn,  may  affect  expected  light  scattering  patterns,  structural  resonance 
excitation,  etc.  Also,  as  suggested  by  Zhang  and  Chang,^®  radiation  forces  could  be  used  to  contrcd 
the  shape  of  droplets  (droplets  either  optically  levitated  or  within  a  monodispersed  stream)  for 
subsequent  experimental  study. 

I  Theoretical  expressions  have  been  derived  for  the  body  forces  and  surface  stresses  that  oc¬ 

cur  when  a  homogeneous  liquid  droplet  is  illuminated  by  a  continuous  laser  beam.  Using  our 
spherical  particle/arbitrary  beam  interaction  theory  to  provide  the  required  electromagnetic  field 
components,  spatial  distributions  of  radiation  forces  for  a  spherical  water  droplet  in  air  levitated 
by  a  focused  laser  beam  (corresponding  with  the  arrangement  analyzed  in  Sec.  IV.)  have  been 
calculated.  This  work  has  been  submitted  for  publication.®®  A  partial  summary  is  ^ven  here. 

Applying  the  divergence  theorem  to  Eq.  (2),  the  time  averaged  electromagnetically  induced 
^  force  per  unit  volume  (body  force)  at  any  point  within  the  liquid  droplet  is  thus  equal  to  the  local 

divergence  of  the  electromagnetic  stress  tensor, 

(5) 
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For  calculation  purposes,  Eq.  (5)  can  be  simplified  by  substituting  for  the  stress  tensor  (from  Eq. 
(3)),  applying  Maxwell’s  equations,  and  taking  the  time  average.  (Note  for  a  homogeneous  particle 
the  dielectric  constant  is  uniform  and  the  local  charge  density  is  zero  so  V  •  E  =  0.)  Eq.  (5)  then 
becomes 
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<  p"  >=  .  V)£*  -  i-(£  -  ffl)(jg  X  B-)}  (6) 

sir  c 

where  e  =  and  both  the  dielectric  constant,  c  =  f/j  +  if/,  and  the  electrical  conductivity, 

(T  =  iaj,  may  be  complex. 

In  addition  to  the  electromagnetically  induced  body  force,  there  is  also  an  electromagnetically 
induced  stress  at  the  surface  of  the  droplet.  Returning  to  Eq.  (2)  and  considering  a  cylinderc^ 
control  volume  of  incremental  cross  sectional  area,  A5,  and  incremental  length,  AL,  centered  about 
a  general  position  on  the  surface  of  the  sphere,  it  follows  in  the  limit  that 


<  P  >=  lim  lim  -r-;r 


(7) 


where  P  is  the  electromagnetically  induced  surface  stress.  Substituting  into  Eq.  (7)  expressions 
for  the  internal  (inside  the  sphere)  and  external  (outside  the  sphere)  stress  tensors,  utilizing  the 
boundary  conditions, 

tpext  _  J7*int 

9 

pext  _  pint 


B  ext  —  Bint^ 


and  taking  the  time  average  provides  an  expression  for  the  surface  stress  in  terms  of  the  electro¬ 
magnetic  field  components, 


The  theoretical  expressions  for  the  body  force,  Eq.  (6),  and  the  surface  stress,  Eq.  (8),  were 
found  to  be  consistent  with  the  net  radiation  force  expressions  in  App.  C.  The  net  radiation  force 
on  a  droplet  should  be  equal  to  the  sum  of  a  volume  integral  of  the  body  forces  and  a  surface 
integral  of  the  surface  stresses, 

<  F  >=  f  f  f  <  F'"  >  sin0d<f>d9dT  +  f  f  <  P  >  c?sin9d4>d0.  (9) 

Ja  Jo  Jo  Jo  Jo 

Using  our  spherical  particle/arbitrary  beam  interaction  theory  to  provide  the  required  electromag¬ 
netic  field  components,  the  integrals  of  Eq.  (9)  were  numerically  evaluated  for  several  dififerent 
particle  size  parameter,  complex  relative  refractive  index,  and  incident  beam  orientation  arrange¬ 
ments.  For  each  case,  the  net  radiative  force  components  from  Eq.  (9)  were  identical  to  those 
determined  using  the  coefficient  series  expressions  of  App.  C. 

Equations  (6)  and  (8)  were  used  to  determine  the  radiation  force  distributions  for  a  5  pm  water 
droplet  optically  levitated  using  a  vertically-oriented,  argon-ion  laser  beam  corresponding  with  the 
arrangement  analyzed  for  net  force  and  torque  in  Sec.  IV.  The  assumed  continuous  TEMoo  mode 
(Gaussian-profiled),  linearly  polarized  laser  beam  is  focused  with  a  beam  waist  diameter  of  2  pm 
(2w0  =  2pm)  and  propagates  in  the  +  z  axis  direction  with  the  electric  field  polarization  in  the  x 
axis  direction.  Force  distributions  were  calculated  for  the  droplet  both  on  and  off  the  laser  beam 
propagation  axis  and  for  the  droplet  50  pm  above  the  beam  focal  point  (where  the  beam  diameter 
of  16.5  pm  is  greater  than  the  droplet  diameter)  and  for  the  droplet  5  pm  below  the  beam  focal 
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point  (where  the  beam  diameter  of  2.6  fim  is  less  than  the  droplet  diameter).  As  in  Sec.  IV., 
calculations  were  performed  for  the  three  basic  types  of  droplets:  a  droplet  at  a  magnetic  wave 
resonance  (35‘*  mode,  1*‘  order,  d  =  4.9266  fim),  a  droplet  at  an  electric  wave  resonance  (35*^ 
mode,  order,  d  =  4.9912  fim),  and  an  intermediate  nonresonance  droplet  (d  =  4.96  fim). 

At  the  0.5145  fim  wavelength,  water  is  a  weakly  absorbing  dielectric  with  n  =  1.334  + 
1.2xl0“®i  and  thus  Cfl  =  ~  —  1-780,  f/  =  2nRni  =  3.20  x  10“®,  or  =  0,  and  <t/  =  0. 

From  Eqs.  (6)  and  (8)  it  follows  that  <  F"  >«  0,Ps  «  0,  and  m  0,  so,  for  these  conditions, 
the  radiative  forces  are  predominately  outwardly-directed  radial  surface  stresses. 

The  surface  stress  distributions  shown  in  Figs.  8-12  provide  the  surface  stress  vector  at  5® 
intervals  around  the  circumference  of  the  droplet  in  the  x-z  plane  (in  Figs.  8-13  the  z  axis  is 
upwards,  the  x  axis  to  the  right)  linearly  scaled  relative  to  the  maximum  surface  stress  magnitude, 
Pmoi-  The  assumed  laser  power  is  that  necessary  to  levitate  the  droplet  at  the  given  elevation  as 
if  the  droplet  was  located  on  the  propagation  axis. 

Figure  8  shows  the  surface  stress  distribution  for  the  nonresonance  droplet  levitated  on  the 
beam  propagation  axis  at  an  elevation  of  50  pm  above  the  focal  point.  At  this  elevation  the  beam 
diameter  is  about  three  times  the  diameter  of  the  droplet.  As  seen  in  Fig.  8,  the  largest  forces 
are  concentrated  across  the  top  of  the  droplet  (in  the  direction  of  the  beam  propagation)  with  a 
secondary  concentration  of  smaller  forces  across  the  bottom  of  the  droplet.  These  surface  forces  are 
approximately  azimuthally  symmetric  so  that  the  surface  force  distribution  in  the  y-z  plane  (plane 
perpendicular  to  the  incident  electric  field  polarization)  is  similar  to  that  in  the  x-z  plane  for  the 
nonresonance  droplet. 

Figure  9  shows  the  surface  stress  distribution  for  the  electric  wave  resonance  droplet  levitated 
on  the  beam  propagation  axis  at  an  election  of  50  pm  above  the  focal  point.  As  for  the  nonres¬ 
onance  droplet,  the  largest  surface  stresses  are  concentrated  across  the  top  of  the  droplet  with  a 
secondary  concentration  of  smaller  forces  across  the  bottom  of  the  droplet.  Unlike  the  nonreso¬ 
nance  droplet,  however,  the  electric  wave  resonance  droplet  exhibits  a  significant  surface  stress  over 
the  entire  circumference,  not  just  near  the  top  and  bottom  of  the  droplet.  The  maximum  surface 
stress  for  the  electric  wave  resonance  droplet  is  also  about  three  times  larger  than  the  maximum 
surface  stress  for  the  nonresonance  droplet  at  this  elevation.  The  excitation  of  the  electric  wave 
resonance,  as  discussed  in  Ref.  4,  occurs  predominately  in  the  x-z  plane  (the  plane  of  incident 
electric  field  polarization).  The  surface  stress  distribution  for  the  electric  wave  resonance  droplet 
is  not  azimuthally  symmetric  and  is  similar  to  that  of  the  nonresonance  droplet  in  the  y-z  plane. 
For  the  magnetic  wave  resonance  droplet  (not  shown)  the  situation  is  the  opposite  of  that  of  the 
electric  wave  resonance  droplet:  the  surface  stress  is  “excited”  in  the  y-z  plane  and  is  not  “excited” 
in  the  x-z  plane. 

Figure  10  presents  the  surface  stress  distribution  for  the  nonresonance  droplet  levitated  on  the 
beam  propagation  axis  at  an  elevation  of  5  pm  below  the  focal  point.  At  this  elevation  the  beam 
diameter  is  about  half  the  diameter  of  the  droplet.  As  seen  in  Fig.  10,  the  largest  surface  stresses 
are  concentrated  near  the  top  to  the  droplet  with  a  secondary  concentration  of  much  smaller  surface 
stresses  near  the  bottom  of  the  droplet.  The  maximum  surface  stress  is  about  ten  times  greater 
than  for  the  nonresonance  droplet  levitated  at  the  +  50  pm  elevation  and  the  surface  stress  is 
confined  to  a  smaller  area.  The  surface  stresses  are  approximately  azimuthally  symmetric. 

Resonance  excitation  requires  droplet  edge  illumination,  and  the  electric  and  magnetic  wave 
resonances  are  not  excited  for  the  on  propagation  axis  location  at  zo  =  -  5  pm  where  the  incident 
beam  passes  through  the  middle  of  the  droplet.  The  surface  stress  distributions  for  the  electric  and 
magnetic  wave  resonance  droplets  for  the  on  propagation  axis  location  at  z  =  -  5  pm  (not  shown) 
are  similar  to  that  of  the  nonresonance  droplet. 

If  the  droplet  is  horizontally  displaced,  there  is  a  net  restoring  force  that  accelerates  the 
droplet  back  towards  the  beam  propagation  axis  (see  Sec.  IV.).  Figure  11  presents  the  surface 
stress  distribution  for  the  nonresonance  droplet  levitated  5  pm  below  the  focal  point  and  displaced 
3  pm  along  the  x-axis.  As  shown  in  Fig.  11,  for  the  displaced  droplet  the  surface  stresses  are  skewed 
towards  the  left  which  produces  the  net  restoring  force.  Fig.  12  shows  the  same  situation,  but  for 
the  electric  wave  resonance  droplet.  The  edge  illumination  caused  by  the  horizontal  displacement  of 
the  droplet  excites  the  resonance  which  produces  large  surface  stresses  over  the  entire  circumference 


of  the  droplet  in  the  x-z  plane.  For  the  magnetic  wave  resonance  droplet  (not  shown)  the  resonance 
is  excited  in  the  y-z  plane  when  the  droplet  is  displaced  along  the  y-axis. 

As  previously  mentioned,  at  the  0.5145  /rm  wavelength,  water  is  weakly  absorbing  and  body 
forces  are  small.  The  body  forces  do,  however,  significantly  contribute  for  the  case  of  the  x- 
axis  displaced  electric  wave  resonance  droplet  (and  the  y-axis  displaced  magnetic  wave  resonance 
droplet)  at  the  Zo  =  -  5  (im  elevation.  As  shown  in  Sec.  IV.,  the  x-axis  displaced  electric  wave 
resonance  droplet  at  the  Zo  =  -  5  y.m  elevation  incurs  a  net  torque  about  the  negative  y-axis.  Since 
the  surface  stresses  are  essentially  radial,  the  surface  stresses  do  not  contribute  to  this  torque.  In 
Sec.  III.  it  was  shown  that  edge  illuminated  droplets  at  resonance  have  an  increase  in  electric  field 
magnitude  that  forms  a  ring  just  inside  the  surface  of  the  droplet.  At  resonance  the  droplet  acts 
as  an  optical  cavity  with  light  circling  just  inside  the  surface.  Absorption  of  this  light  results  in  a 
loss  of  momentum  which  produces  a  net  torque  about  the  center  of  the  droplet. 

Figure  13  shows  the  calculated  body  force  distribution  in  the  x-z  plane  for  the  electric  wave 
resonance  droplet  at  the  -  5  /im  elevation  and  displaced  3  fim  along  the  x-axis.  Since  the  body 
forces  are  concentrated  near  the  surface  of  the  droplet,  the  distribution  is  plotted  extending  from 
f  —  0.8  (at  the  center  of  the  plot)  to  f  =  1.0  (at  the  outer  circumference  of  the  plot).  The  body 
force  vectors  form  a  circling  pattern  which  produces  a  net  torque  on  the  droplet.  For  the  magnetic 
resonance  droplet  displaced  along  the  y-axis  (not  shown)  the  body  forces  circle  in  the  y-z  plane. 

VI.  BEAM  INCIDENT  UPON  TWO  ADJACENT  SPHERES  OF  ARBITRARY  AR¬ 
RANGEMENT 

Utilizing  our  spherical  particle/arbitrary  beam  interaction  theory,  we  have  developed  a  proce¬ 
dure  for  determining  the  electromagnetic  fields  for  an  arbitrary  beam  incident  upon  two  adjacent 
particles  of  differing  size  and  material  and  of  arbitrary  spatial  positioning.  (The  generalization  to 
three  or  more  adjacent  particles  would  be  straightforward).  The  two  particles  may  be  of  different 
size,  may  have  different  composition  (differing  complex  relative  index  of  refractions),  and  may  have 
any  spatial  orientation  relative  to  each  other  and  relative  to  the  incident  beam.  It  is  not  necessary 
that  there  be  a  single  incident  beam;  having  multiple  beams  coming  from  different  directions  would 
require  minimal  additional  computation. 

The  theoretical  approach,  in  the  most  general  sense,  is  similar  to  that  introduced  by  Fuller 
and  Kattawar.'^'^*  Since  our  spherical  particle/arbitrary  beam  interaction  theory  permits  the  de¬ 
termination  of  the  electromagnetic  fields  of  a  particle  for  any  known  incident  field,  the  procedure 
is  as  follows.  The  spherical  particle/arbitrary  beam  interaction  theory  is  used  to  calculate  the 
external  electromagnetic  field  for  the  beam  incident  upon  particle  1.  The  external  electromagnetic 
field  of  particle  1  is  used  as  the  incident  field  upon  particle  2  and  the  scattered  field  of  particle  2  is 
determined.  The  scattered  field  of  particle  2  is  added  to  the  incident  beam  to  form  an  updated  field 
incident  upon  particle  1  and  the  external  field  of  particle  1  is  recalculated.  The  newly  calculated 
external  field  of  particle  1  is  then  used  as  the  incident  field  upon  particle  2  and  the  scattered  field 
of  particle  2  is  recalculated.  The  process  is  continued  until  there  is  no  longer  a  significant  change 
in  the  electromagnetic  fields.  For  particles  spaced  one  radius  or  more  apart  surface-to-surface, 
convergence  typically  occurs  within  two  or  three  of  these  multiple  “reflections.” 

The  parameters  of  the  laser  beam  incident  upon  two  adjacent  particles  problem  are  then 
the  dielectric  constant  of  the  medium  (Cexi),  the  waist  diameter  of  the  laser  beam  (tuo),  the  size 
parameters  of  the  two  particles  (ai  and  02),  the  complex  relative  index  of  refractions  of  the  two 
particles  (ni  and  n2),  the  location  of  particle  1  relative  to  the  focal  point  of  the  laser  beam  (xo, 
yo,  Zo),  the  location  of  particle  2  relative  to  particle  1  (xi2,  yi2»  Zi2)>  and  the  location  of  the  plot 
reference  relative  to  particle  1  (xre/,  yre/,  ^re/)-  Spatial  quantities  are  normalized  using  the  radius 
of  particle  1  (ai). 

Figure  14  presents  the  internal  and  near-surface  normalized  source  function  distribution  in 
the  y-z  plane  for  a  linearly-polarized  (electric  field  polarization  in  the  x  axis  direction),  100  /xm 
waist  diameter  CO2  laser  beam  (A  =  10.6  /tm)  incident  upon  two  45  /xm  diameter  water  droplets 
separated  by  35  /xm  surface-to-surface  along  the  propagation  axis.  These  conditions  correspond  to 
an  experiment  performed  within  our  Laboratory  in  which  a  CO2  laser  beam  was  directed  upon  two 
parallel  streams  of  water  droplets  so  that  the  illuminated  droplet  would  act  as  a  lens  to  focus  the 


laser  light  upon  the  shadow  side  droplet.*®  This  focusing  effect  is  apparent  in  Fig.  14.  Figure  15 
presents  the  same  situation  as  Fig.  14  but  with  the  internal  field  suppressed  to  zero.  As  can  be  seen, 
the  maximum  droplet  heating  rate  (proportional  to  S)  occurs  at  the  front  surftice  of  the  shadow 
side  droplet,  for  this  arrangement,  which  is  in  agreement  with  our  experimental  observations.*® 
Figure  16  provides  a  normalized  source  function  distribution  for  a  more  general  case.  A  40  (im 
waist  diameter  COj  laser  beam  is  incident  upon  a  50  /xm  diameter  methanol  droplet  (ni  =  1.395 
+  0. 01631)  and  a  30  /xm  water  droplet  (n2  =  1.179  +  0.072i).  The  droplets  are  offset  from  each 
other  and  offset  from  the  propagation  axis  of  the  beam  in  the  y-z  plane.  The  effect  is  an  interesting 
splitting  of  the  beam. 

Further  investigation  of  electromagnetic  phenomena  associated  with  a  beam  incident  upon 
adjacent  spherical  particles,  including  particles  at  resonance,  is  in  progress. 

VII.  FUTURE  WORK 

Besides  continuing  the  developments  discussed  here,  future  topics  that  will  be  considered  in¬ 
clude  obtaining  direct  comparisons  between  spherical  particle/arbitrary  beam  interaction  theory 
calculations  and  corresponding  experimental  measurements,  developing  an  infinite 
cylinder/arbitrary  beam  interaction  theory,  developing  an  arbitrary  shaped  particle/arbitrary  beam 
interaction  theory,  and  developing  a  nonhomogeneous  spherical  particle/arbitrary  beam  interaction 
theory. 

ACKNOWLEDGEMENT 

This  work  was  supported  in  part  by  the  Army  Research  Office  under  contract  No.  DAAL03- 
87-K-0138. 

REFERENCES 

1.  J.P.  Barton,  D.R.  Alexander,  and  S.A.  Schaub,  “Internal  and  near-surface  electromagnetic 
fields  for  a  spherical  particle  irradiated  by  a  focused  laser  beam,”  J.  Appl.  Phys.  64,  1632 
(1988). 

2.  S.A.  Schaub,  D.R.  Alexander,  J.P.  Barton,  and  M.A.  Emanuel,  “Focused  laser  beam  inter¬ 
actions  with  methanol  droplets:  effects  of  relative  beam  diameter,”  Appl.  Opt.  28,  1666 
(1989). 

3.  J.P.  Barton,  D.R.  Alexander,  and  S.A.  Schaub,  “Experimental  and  theoretical  analysis  of 
liquid  droplets  moving  through  a  focused  CO?  laser  beam,”  Proceedings  of  the  1988  CRDEC 
Scientific  Conference  on  Obscuration  and  Aerosol  Research. 

4.  J.P.  Barton,  D.R.  Alexander,  and  S.A.  Schaub,  “Internal  fields  of  a  spherical  particle  illumi¬ 
nated  by  a  tightly-focused  laser  beam:  focal  point  positioning  effects  at  resonance,”  J.  Appl. 
Phys.  65,  2900  (1989). 

5.  J.P.  Barton  and  D.R.  Alexander,  “Fifth-order  corrected  electromagnetic  field  components  for 
a  fundamental  Gaussian  beam,”  J.  Appl.  Phys.,  to  be  published  (Oct.  1,  1989). 

6.  R.K.  Chang,  personal  communication  (1989). 

7.  J.P.  Barton,  D.R.  Alexander,  and  S.A.  Schaub,  “Theoretical  determination  of  net  radiation 
force  and  torque  for  a  spherical  particle  illuminated  by  a  focused  laser  beam,”  J.  Appl.  Phys., 
to  be  published  (Nov.  15,  1989). 

8.  J.D.  Jackson,  Classical  Electrodynamics,  2nd  ed.  (John  Wiley  &  Sons,  New  York,  1975). 

9.  F.N.H.  Robinson,  “Electromagnetic  stress  and  momentum  in  matter,”  Phys.  Rep.  16,  315 
(1975). 

10.  I.  Brevik,  “Experiments  in  phenomenological  electrodynamics  and  the  electromagnetic  energy- 
momentum  tensor,”  Phys.  Rep.  52,  133  (1979). 

11.  A.  Ashkin  and  J.M.  Dziedzic,  “Optical  levitation  of  liquid  drops  by  radiation  pressure,”  Science 
187,  1073  (1975). 

12.  A.  Ashkin  and  J.M.  Dziedzic,  “Observation  of  resonances  in  the  radiation  pressure  on  dielectric 
spheres,”  Phys.  Rev.  Lett.  38,  1351  (1977). 

13.  A.  Ashkin  and  J.M.  Dziedzic,  “Observation  of  optical  resonances  of  dielectric  spheres  by  light 
scattering,”  Appl.  Opt.  20, 1803  (1981). 


14.  A.  Ashkin  and  J.M.  Dziedzic,  “Stability  of  optical  levitation  by  radiation  pressure,”  Appl. 
Phys.  Lett.  24,  586  (1974). 

15.  J.Z.  Zhang  and  R.K.  Chang,  “Shape  distortion  of  a  single  water  droplet  by  laser-induced 
electrostriction,”  Opt.  Lett.  13,  916  (1988). 

16.  J.P.  Barton,  D.R.  Alexander,  and  S.A.  Schaub,  “Theoretical  determination  of  the  radiation 
force  distribution  for  a  spherical  droplet  illuminated  by  a  focused  laser  beam,”  submitted  to 
J.  Appl.  Phys.  (1989). 

17.  K.A.  Fuller  and  G.W.  Kattawar,  “Consummate  solution  to  the  problem  of  classical  electro¬ 
magnetic  scattering  by  an  ensemble  of  spheres.  I:  Linear  chains,”  Opt.  Lett.  13,  90  (1988). 

18.  K.A.  Fuller  and  G.W.  Kattawar,  “Consummate  solution  to  the  problem  of  classical  electro¬ 
magnetic  scattering  by  an  ensemble  of  spheres.  II:  Clusters  of  arbitrary  configuration,”  Opt. 
Lett.  13,  1063  (1988). 

19.  D.R.  Alexander,  J.P.  Barton,  S.A.  Schaub,  M.A.  Emanuel,  and  J.  Zhang,  “Experimental  and 
theoretical  analysis  of  the  interaction  of  laser  radiation  with  fluid  cylinders  and  spheres,” 
Proceedings  of  the  1987  CRDEC  Scientific  Conference  on  Obscuration  and  Aerosol  Research. 


APPENDIX  A:  ELECTROMAGNETIC  FIELD  EQUATIONS 
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=  ^|>^  —  ixi  where  xi  are  the  Riccati- Bessel  functions.  Yim  is  the  spherical  harmonic  function, 
r/a  where  a  is  the  sphere  radius. 


APPENDIX  B:  FIFTH-ORDER  CORRECTED  GAUSSIAN  BEAM  EQUATIONS 
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APPENDIX  C:  NET  RADIATION  FORCE  AND  TORQUE  EQUATIONS 
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FIG  1.  I^ormaUzed  source  function  in  the  equatorial  (y-z)  plane  for  a  transverse  (x  direction) 
polarized  Gaussian  beam  incident  upon  a  sphere  at  magnetic  wave  resonance,  n  =  1.33  +  5.0xl0“®i, 
Wq  —  0.404,  Xg  =  0.0,  yg  =  -1.175,  Zg  =  0.0,  and  a  —  29.365.  [1.06  fivix  wavelength,  4  /im  waist 
diameter  beam  incident  upon  a  9.908  fiTo.  diameter  (34*^  mode,  1*^  order  mag.  wave  res.)  water 
droplet  with  on  edge  y-axis  illumination] 
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FIG  3.  Poynting  vector  in  the  equatorial  (y-z)  plane  for  a  transverse  (x  direction)  polarized  Gaussian 
beam  incident  upon  a  sphere  at  magnetic  wave  resonance.  1.0  >  f  >  0.8,  n  =  1.33  +  5.0xl0"®i, 
u’o  =  0.404,  Xo  —  0.0,  yo  —  -1.175,  fo  =  0.0,  and  a  =  29.365.  [1.06  /im  wavelength,  4  iim  waist 
diameter  beam  incident  upon  a  9.908  pm  diameter  (34*'‘  mode,  1*‘  order  mag.  wave  res.)  water 
droplet  with  on  edge  y-axis  illumination] 
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FIG.  4.  Power  versus  droplet  diameter  for  the  optical  levitation  of  a  water  droplet  in  air  using  a 
focused,  TEMoo  mode,  linearly  polarized  laser  beam  for  droplet  propagation  axis  positions  of  Zo  = 
-  5  pm  and  +  50  pm.  (x*  =  y*  =  0,  ft  =  1.334  +  1.2xl0“*i,  A  =  0.5145  pm,  and  =  1  A^tn.) 


FIG.  5.  Power  versus  propagation  axis  position  for  the  optical  levitation  of  a  water  droplet  in 
air  using  a  focused,  TEMqo  mode,  linearly  polarized  laser  beam  for  nonresonance  (d  =  4.96  fim), 
magnetic  wave  resonance  (d  =  4.9266  firn),  and  electric  wave  resonance  (d  =  4.9912  fim).  (Xg  = 
yo  =  0,  n  =  1.334  +  1.2xl0~®i,  A  =  0.5145  ptm,  and  Wg  =  1  ^im.) 


FIG.  6.  x-axis  acceleration  versus  x-axis  displacement  for  optical  levitation  of  a  water  droplet  in 
air  using  a  focused,  TEMqo  mode,  linearly  polarized  (x-axis  direction)  laser  beam  at  a  droplet 
propagation  axis  position  of  Zo  =  -  5  nm  for  nonresonance  (d  =  4.96  fim),  magnetic  wave  resonance 
(d  =  4.9266  t^m),  and  electric  wave  resonance  (d  =  4.9912  fim).  (y^  =  0,  n  =  1.334  +  1.2xl0~®i, 
A  =  0.5145  (Jim,  and  Wg  =  I  (im.) 
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FIG.  7.  y-axis  angular  acceleration,  versus  x-axis  displacement  for  optical  levitation  of  a  water 
droplet  in  air  using  a  focused,  TEMoo  mode,  linearly  polarized  (x-axis  direction)  laser  beam  at  a 
droplet  propagation  axis  position  of  Zo  =  -  5  fim  for  nonresonance  (d  =  4.S6  fim),  magnetic  wave 
resonance  (d  =  4.9266  and  electric  wave  resonance  (d  =  4.9912  fxm).  (y^  =  0,  n  =  1.334  + 
1.2xl0“®i,  A  =  0.5145  f^m,  and  Wo  =  1  fim.) 


FIG.  8.  Surface  stress  distribution  in  the  x-z  plane  for  a  nonresonance  water  droplet  (d  =  4.96  pm) 
optically  levitated  50  pm  above  the  focal  point  of  a  2  pm  waist  diameter,  3.52  mW,  argon-ion  (A 
=  0.5145  pm)  laser  beam.  Droplet  positioned  on  the  propagation  axis.  P max  —  0.624  Pa. 
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FIG.  9.  Surface  stress  distribution  in  the  x-z  plane  for  an  electric  wave  resonance  water  droplet  (d 
=  4.9912  }im)  optically  levitated  50  firn  above  the  focal  point  of  a  2  fMm  waist  diameter,  2.35  mW, 
argon-ion  (A  =  0.5145  fim)  laser  beam.  Droplet  positioned  on  the  propagation  axis.  Pmoi  =  1-94 
Pa. 
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FIG.  10.  Surface  stress  distribution  in  the  x-z  plane  for  a  nonresonance  water  droplet  (d  =  4.96 
fim)  optically  levitated  5  fim  below  the  focal  point  of  a  2  fim  waist  diameter,  1.91  mW,  argon-ion 
(A  =  0.5145  fim)  laser  beam.  Droplet  positioned  on  the  propagation  axis.  Pmaz  =  6.46  Pa. 
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FIG.  11.  Surface  stress  distribution  in  the  x-z  plane  for  a  nonresonance  water  droplet  (d  =  4.96 
/jm)  optically  levitated  5  fim  below  the  focal  point  of  a  2  fim  waist  diameter,  1.91  mW,  argon-ion 
(A  =  0.5145  fim)  laser  beam.  Droplet  displaced  3  /zm  along  the  x-axis.  Pmax  =  2.12  Pa 


FIG.  12.  Surface  stress  distribution  in  the  x-z  plane  for  an  electric  wave  resonance  water  droplet  (d 
=  4.9912  fim)  optically  levitated  5  (im  below  the  focal  point  of  a  2  fim  waist  diameter,  1.89  mW, 
argon-ion  (A  =  0.5145  fim)  laser  beam.  Droplet  displaced  3  fim  along  the  x-axis.  Pmax  =  13.90 
Pa 


FIG.  13.  Body  force  distribution  in  the  x-z  plane  (1.0  >  rja  >  0.8)  for  an  electric  wave  resonance 
water  droplet  (d  =  4.9912  y.m)  optically  levitated  5  /xm  below  the  focal  point  of  a  2  waist 
diameter,  1.89  mW,  argon-ion  (0.5145  /xm)  laser  beam.  Droplet  displaced  3  /xm  along  the  x-axis. 
=  0.40  ^7m3. 


FIG  14.  Normalized  source  function  in  the  equatorial  (y-z)  plane  for  a  transverse  (x  direction) 
electric  field  polarized  Gaussian  beam,  propagating  in  the  +z  axis  direction  (right-to-Mt),  inddent 
upon  two  adjacent  spheres,  fij  =  n2  =  1.179  -1-  0.072i,  oj  =  02  =  13.337,  Wg  =  2.222,  £„  = 

=  0.0,  Ze  =  -1.778,  ii2  =  yi2  =  0.0,  fi2  =  3.556,  ire/  =  VreJ  =  0.0,  ire/  =  1-778  [10.6  /xm 
wavelength  (CO2  laser),  100  /xm  waist  diameter  beam  inddent  upon  two  45  /xm  diameter  water 
droplets  separated  along  the  propagation  axis  by  35  /xm  surface-to-surface] 


FIG  15.  Normalized  source  function  in  the  equatorial  (y-z)  plane  for  a  transverse  (x  direction) 
electric  field  polarized  Gaussian  beam,  propagating  in  the  +z  axis  direction  (right-to-left),  incident 
upon  two  adjacent  spheres.  (External  field  suppressed.)  ni  =  nj  =  1.179  -f  0.072i,  qi  =  0:2  = 
13.337,  Wo  =  2.222,  Xo  =  Vo  -  0-0>  =  -1.778,  X12  =  yu  =  0-0>  ^12  =  3.556,  ire/  =  fre/  =  0-0* 
ire/  =  1-778  [10.6  /im  wavelength  (CO2  laser),  100  /im  waist  diameter  beam  incident  upon  two  45 
/um  diameter  water  droplets  separated  along  the  propagation  axis  by  35  /im  surface-to-surface.] 
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FIG  16.  Normalized  source  function  in  the  equatorial  (y-z)  plane  for  a  transverse  (x  direction) 
electric  field  polarized  Gaussian  beam,  propagating  in  the  +z  axis  direction  (right-to-left),  |nadent 
upon  two  adjacent  spheres,  fii  =  1.395  -f  0.0163i,  Qi  =  14.82,  n2  =  1.179  -f  0.072i,  02  “ 

=  0.8,  Xo  =  0.0,  Vo  =  1.0,  zo  =  0.0,  i,2  =  0.0,  yn  =  -1.0,  Z12  =  3.0,  ir*/  =  0.0,  f/re/  =  -0.5,  Zr*/ 
=  1.5  [10.6  fim  wavelength  (CO2  laser),  40  fiia  waist  diameter  beam  incident  upon  adjacent  50  iim 
diameter  methanol  and  30  /xm  diameter  water  droplets  offset  in  the  y-z  plane.] 
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Abstract 

During  this  funding  period  results  have  been  obtained  for  the  interaction  of  KrF  exdmer  laser 
radiation  (A  =  248  nm,  tp^/je  =  17  ns)  with  60  //m  distilled  water  droplets  for  irradiance  Nalues 
ranging  from  3  to  230  GW/cm^.  Laser  images  of  the  droplet  breakup  during  the  time  interval 
from  0  to  100  ns  indicate  the  dynamic  breakup  processes  to  be  highly  nonlinear.  At  low  irradiance 
(3  GW/cm^)  the  material  is  ejected  from  both  the  illuminated  and  shadow  hemispheres  of  the 
droplet,  closely  resembling  internal  electric  field  strengths  obtained  from  plane  wave  Lorenz- Mie 
theory  calculations.  .As  the  irradiance  is  increased  to  6  GW/cm*  the  interaction  on  the  shadow 
hemisphere  becomes  stronger  while  the  interaction  on  the  illuminated  hemisphere  decreases.  .At 
high  irradiance  (230  GW/cm*)  the  droplets  fragment  in  essentially  a  symmetric  manner.  .Average 
materia]  velocity  from  0  to  50  ns  after  arrival  of  the  high  energy  pulse  ranged  from  1000  m/s  at  3 
GW/cm^  to  6000  m/s  at  230  GW/cm^ 


I.  Introduction 


The  interaction  of  intense  laser  radiation  with  liquid  droplets  has  been  widely  investigated 
during  recent  years  in  attempts  to  better  understand  the  fundamental  physics  governing  the  inter¬ 
action.  Experimental  investigations  have  been  performed  examining  plasma  formation,^"®  shock 
propagation,®  and  electrostrictive  effects^  that  occur  during  the  laser/aerosol  interaction.  Theoret¬ 
ical  models  have  also  been  developed  to  predict  the  behavior  of  droplets  under  high  energj'  laser 
irradiation.®’®  Due  to  the  complexity  of  the  problem,  most  theories  utilize  plane  wave  theory  in  the 
analysis  although  recent  work  has  generalized  Lorenz- Mie  theory  for  the  case  of  a  particle  located  at 
an  arbitrary  position  illuminated  by  an  arbitrarily  defined  incident  beam.’®’''  However,  accounting 
for  the  influence  of  spatial  varying  droplet  properties,  initial  plasma  formation,  and  heat  transfer 
make  the  laser/aerosol  interaction  problem  nonlinear  and  extremely  complex.  In  this  paper  we 
present  further  experimental  evidence  of  the  nonlinear  interactions  of  high  energy  KrF  laser  pulses 
(A  =  248  nm)  with  60  tim  diameter  distiUed  water  droplets  for  irradiance  values  ranging  from  3 
GW/cm^  to  230  GW/cm^ 


II.  Experimental  Setup 

A  schematic  of  the  experimental  setup  used  in  the  research  is  shown  in  Fig.  1.  The  high 
energy  laser  beam  is  produced  by  a  KrF  excimer  laser  (Questek  model  2860,  A  =  248  nm)  using 
unstable  optics  and  is  focused  at  the  probe  volume  using  a  plano-convex  lens  (d  =  50  mm,  f  = 
200  mm).  The  FWHM  cross  section  of  the  high  energy  beam  at  the  focal  point  was  determined 
by  translating  a  knife-edge  through  the  probe  volume  and  was  found  to  be  approximately  95  fim 
X  115  fim  (sslO^  /^ni*).  An  imaging  beam  from  a  second  excimer  laser,  identical  to  the  first  wth 
the  exception  of  using  stable  resonator  optics  and  operating  on  ArF  gas  (A  =  193  nm),  is  incident 
in  a  direction  orthogonal  to  both  the  high  energy  pulse  and  the  motion  of  the  water  droplets. 
The  use  of  193  nm  imaging  laser  was  used  to  obtain  higher  resolution  real-time  images  as  well 
as  to  allow  elimination  of  elastically  scattering  incident  radiation  by  placing  a  193  nm  bandpass 
filter  in  line  with  the  imaging  optics.  The  FWHM  pulse  duration  of  the  excimer  laser  pulses  were 
measured  using  both  a  photodiode  and  streak  camera  and  were  found  to  be  approximately  17 
ns.  The  imaging  pulses  are  synchronized  with  the  high  energy  pulses  by  using  an  analog/di^tal 
delay  unit  (Questek  9200  laser  sync/delay  unit)  while  simultaneously  monitoring  the  output  pulse 
using  a  fast  photodiode  (Hamamatsu  model  C1083)  and  a  digitizing  oscilloscope  (Hewlett  Packard 
model  54200A).  The  delay  between  high  energy  pulses  and  imaging  pulses  could  be  \-aried  from 
0  to  100  IIS  in  increments  of  10  ns.  The  jitter  for  the  entire  system  is  approximately  i?  ns.  The 
monodisperse  water  droplets  were  generated  using  a  vibrating  orifice  generator  (TSI  model  3450) 
and  were  allowed  to  fall  in  the  direction  of  the  gravitational  field  perpendicular  to  both  the  high 
energy  beam  and  the  imaging  beam.  The  real  time  images  were  viewed  using  a  UV  sensitive 
vidicon  (Cohu  2006  camera  system)  in  conjunction  with  a  digital  image  processing  system”.  Use 


of  the  image  processing  system  allows  accurate  determination  of  the  particle  size  prior  to  explosive 
breakup  and  the  distance  expelled  material  travels  during  the  laser/aerosol  interaction.  The  images 
were  stored  on  an  optical  memory  disk  recorder  (Panasonic  model  TQ-2023F)  so  that  later  analysis 
could  be  performed  on  the  images. 


III.  Results 

Figure  2  shows  typical  images  of  water  droplets  0, 20, 40,  and  100  ns  after  ajri\’al  of  3  GW/cm* 
KrF  (A  =  248  nm)  laser  pulses.  In  Figs.  2-5  the  laser  beam  is  propagating  from  right  to  left  in 
the  photographs.  .Although  0  ns  delay  was  established  prior  to  experiments  by  synchronizing  the 
arri\'al  of  the  high  energy  pulse  with  the  imaging  pulse  as  they  reached  the  probe  volume,  it  is 
cleauly  evident  in  the  photographs  that  the  interaction  actually  begins  prior  to  what  is  considered 
as  0  ns  delay.  This  is  caused  by  the  finite  pulse  widths  (FWHM  =  17  ns)  of  the  high  energy 
and  imaging  pulses.  For  increasing  irradiance,  the  interaction  process  initiates  nearer  the  initial 
rise  of  the  high  energy  pulse.  In  contrast,  the  image  that  is  obtained  is  integrated  over  the  17  ns 
duration  of  the  imaging  pulse.  Thus,  although  the  peaks  of  both  pulses  may  arrive  simultaneously 
at  the  probe  volume,  the  image  contains  information  from  the  first  few  nanoseconds  after  arrival 
of  the  high  energy  pulse.  .Also  note  that  the  images  in  Figs.  2-5  are  not  of  a  sin^e  droplet  but 
of  several  different  droplets  imaged  at  fixed  times  after  arrival  of  the  high  energy  beam.  Since  the 
vibrating  orifice  generator  and  the  laser  pulse  characteristics  change  little  from  pulse  to  pulse,  the 
image  variation  from  one  pulse  to  the  next  is  not  significant.  For  the  images  shown  in  Fig.  2,  note 
that  the  interaction  is  nearly  symmetric  with  material  being  expelled  from  both  the  illuminated 
and  shadow  hemispheres  of  the  droplet.  Figure  3  shows  for  the  same  delay  times  a  sequence 
of  photographs  for  an  incident  irradiance  of  6  GW/cm*.  .At  this  irradiance,  the  interaction  off 
the  illuminated  hemisphere  relative  to  the  shadow  hemisphere  is  much  smaller.  Even  at  100  ns, 
little  material  is  ejected  from  the  illuminated  surface.  As  the  irradiance  is  further  increased  to  18 
GW/cm^,  the  image  shown  in  Fig.  4  at  0  ns  shows  no  evidence  of  illuminated  surface  interaction. 
However,  the  interaction  on  the  shadow  surface  is  stronger  than  for  lower  laser  irradiance.  Only  at 
later  times  is  there  any  evidence  of  material  leaving  the  illuminated  hemisphere.  Figure  5  shows 
the  droplet  images  obtained  under  high  irratiiance  (230  GW/cm*).  In  this  example,  the  nonlinear 
behavior  is  quite  different.  The  material  is  ejected  in  a  more  symmetric  manner  than  in  previous 
cases  and  appears  to  form  thin  filaments  of  material  at  0  ns  delay  time. 

The  behavior  of  the  droplets  shown  in  Figs.  2-5  can  be  compared  to  the  square  root  of  the 
internal  and  near-surface  electric  field  distributions  calculated  using  plane  wave  Lorenz- Mie  theory 
which  are  shown  in  Fig.  6.  The  square  root  of  the  electric  field  is  plotted  in  efforts  to  emphasize 
smaller  electric  field  values  (denoted  by  dark  shades  at  the  top  of  Fig.  6).  From  this  figure,  there 
appears  to  be  four  critical  regions  in  which  localized  maxima  appear.  The  absolute  maximum  of 
the  electric  field  values  occurs  external  to  the  shadow  surface  of  the  droplet  and  has  the  magnitude 
|£/£o|  =  50  where  |Eo|  denotes  the  magnitude  of  the  incident  electric  field.  The  high  value  results 


• 

of  the  focusing  effect  of  the  large  droplet  relative  to  the  incident  wavelength.  Internal  to  the 
droplet  surface  but  still  within  the  shadow  hemisphere  is  three  localized  peaks  each  of  magnitude 
jE/Eol  =  22.  Near  the  illuminated  surface  of  the  droplet  lies  the  third  critical  region  in  which 
I  the  magnitude  is  approximately  [E/Elol  =  16.  External  to  the  illuminated  hemisphere  is  also  a 

smaller  localized  peak  of  magnitude  |E/Eo|  =  8.  The  local  maxima  inside  the  droplet  result  from 
constructive  interference  of  laser  light  reflected  from  the  inner  droplet  surface  and  the  propagation 
of  surface  waves  near  the  air/droplet  interface.  These  four  re^ons  of  high  electric  field  \'alues  are 
,  characteristic  of  transparent  droplets  and  have  been  discussed  previously.^®  We  would  expect  that 

I  these  four  regions  would  identify  the  likely  locations  of  initial  laser  breakdown.  Comparing  the 

calculations  in  Fig.  6  to  the  images  shown  in  Fig.  2  we  can  see  similarities  in  the  sense  that 
Fig.  6  shows  a  nearly  equal  (slightly  higher  w’ithin  the  shadow  hemisphere)  maximum  electric  field 
strength  within  the  two  hemispheres  of  the  droplet.  This  would  suggest  that  one  would  observe 
material  interaction  from  both  hemispheres  of  the  droplet  with  the  stronger  interaction  occurring 
from  the  shadow  hemisphere  of  the  droplet.  The  results  in  Fig.  2  confirm  this  prediction.  In 
contrast  however,  the  images  in  Fig.  3  show  significantly  less  material  leaving  the  illuminated 
surface  of  the  particle.  The  dynamics  of  the  breakup  can  be  explained  in  a  qualitative  manner  if 
we  assume  the  breakdown  intensity  for  the  droplet  is  Ii,  (see  Fig.  7)  and  that  the  initial  breakdown 
occurs  at  the  location  of  the  maximum  internal  electric  field,  which  is  near  the  shadow  surface  of  the 
,  droplet.  If  it  is  further  assumed  that  the  breakdown  of  the  droplet  will  cause  the  once  transparent 

region  near  the  shadow  surface  to  become  an  absorbing  plasma,  the  initial  breakdown  region  in  the 
shadow  hemisphere  will  act  to  shield  the  incident  laser  light  from  reflecting  (or  propagating  around 
the  sphere  in  the  case  of  surface  waves)  to  the  illuminated  hemisphere.  ShowTi  in  Fig.  7  are  Ph 
and  P/  which  represent  the  intensity  profiles  of  a  high  energy  and  low  energy  pulse,  respectively.  If 
I  the  droplet  breakdown  occurs  at  an  intensity  Ij,,  only  the  energy  associated  with  the  cross-hatched 

areas  will  be  unaffected  by  the  plasma.  Thus  a  larger  amount  of  energy  can  be  redirected  toward 
the  front  hemisphere  for  a  low  energy  incident  pulse.  As  the  irradiance  is  increased  we  would  expect 
proportionately  less  available  energy  for  interaction  within  and  near  the  illuminated  hemisphere. 
This  agrees  with  the  obser%’ations  in  Figs.  2-4.  For  230  GW/cm®  interactions  shown  in  Fig.  5,  the 
17  ns  imaging  pulse  is  not  short  enough  to  clearly  resolve  the  early  stages  of  the  interaction  process 
and  future  picosecond  or  femtosecond  imaging  work  wiU  be  required  to  resolve  the  early  stages  of 
the  interaction. 

The  imaging  system  can  also  be  used  to  obtain  approximate  average  velocity  measurements 
for  the  material  ejected  at  various  stages  during  the  laser/aerosol  interaction.  In  order  to  evaluate 
the  velocity  of  the  ejected  material  it  was  necessary  to  make  an  assumption  regarding  the  time 
at  which  material  starts  leaving  the  droplet  surface  (At  =  0).  As  stated  earlier  in  this  paper  and 
illustrated  in  the  images,  material  ejection  starts  before  what  is  considered  0  ns  delay.  For  the 
results  presented  here,  a  time  of  10  ns  before  the  end  of  the  imaging  pulse  was  chosen  as  the  time 
material  begins  leaving  the  droplet  surface.  Therefore,  in  calculating  average  velocities  at  0  ns 
delay  a  At  =  10  ns  was  used,  at  20  ns  delay  a  At  =  30  ns  was  used,  etc.  Although  this  delay  \7due 
will  vary  depending  on  the  incident  irradiance,  we  have  used  a  constant  value  for  all  irradiances 


since  detailed  resolution  of  these  time  are  not  presently  possible  in  our  laboratory.  The  average 
material  velocity  as  a  function  of  time  and  incident  irradiance  is  shown  in  Fig.  8.  The  t'alues 
range  from  approximately  1000  at  3  GW/cm*  to  6000  m/s  at  230  GW/cm^  with  an  uncertainty  of 
approximately  120  percent  which  is  predominantly  due  to  the  difficulty  in  properly  identifying  the 
material  boundary.  Only  limited  data  was  available  at  high  irradiances  since  the  material  quickly 
propagates  out  of  the  field  of  view  of  the  imaging  system. 


IV.  Plans  for  Future  Work 

Experimental  work  on  the  scattering  of  radiation  in  the  retroreflective  direction  will  be  at¬ 
tempted  and  results  compared  with  forward  scattered  radiation  published  in  Ref.  2.  Plans  are  to 
also  study  the  A  =  248  nm  interaction  with  nonspherical  water  droplets.  Initial  work  in  the  area 
indicates  aspect  ratios  of  approximately  1.2  are  required  before  significant  effects  can  be  observed. 

In  order  to  resolve  nonlinear  effects  at  high  irradiance  values,  we  have  initiated  work  in  picosecond 
imaging.  A  femtosecond  laser  has  been  purchased  and  this  system  will  be  used  for  ultra  fast  diag¬ 
nostics.  Experimental  and  theoretical  work  wiD  be  performed  on  all  of  the  above  areas.  Work  on  / 

.  ' 
optica]  temperature  measurements  in  aerosols  continues  to  be  pursued.  Thin  metal  wires  have  to 

demonstrate  that  material  is  not  spalled  of  the  shadow  surface  of  small  solid  aerosols.  Additional 
theoretical  modeling  of  A  =:  248  nm  interaction  with  solid  matter  will  be  undertaken. 
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Fig.  4.  Interaction  of  a  18  GW/cm^  KrF  (A  =  248  nm)  laser  pulse  with  60  ;jm  water  droplets  seen 

0,  20,  40,  and  100  ns  after  arrival  of  the  high  energy  pulse.  The  laser  is  propagating  from  right  to 
left. 
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Fig.  6.  Plane  wave  Lorenz-Mie  theory  calculations  showing  the  square  root  of  the  internal  and 
near-surface  electric  field  distribution  for  a  60  /rm  diameter  water  droplet  (ft  =  1.36  +  3.5xl0“®i) 
irradiated  by  a  KrF  laser  pulse  (A  =  248  nm).  Laser  is  propagating  from  right  to  left.  Top: 
Intensity  (black  =  0,  white  w  7)  plot  for  -1.5  <  y/a  <  1.5,  -1.5  <  z/a  <  1.5  where  a  is  the  droplet 
radius  (note  the  laser  is  propagating  in  the  +z  direction  with  polarization  in  the  x  direction). 
Bottom:  Centerline  plot  for  the  same  parameters  as  given  above. 
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Fig.  7.  Grapliical  representation  of  the  relationship  between  the  incident  pulse  energ>’  and  the 
portion  unaffected  by  the  laser-induced  breakdown  in  the  shadow  hemisphere. 


Fig.  8.  Average  material  velocity  as  a  function  of  image  delay  lime  for  the  interaction  of  KrF  laser 
pulses  (A  =  248  nm)  with  60  pm  diameter  water  droplets  for  laser  irradiance  varving  from  3  to  230 
GW/cm2. 
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ABSTRACT 


Experimental  results  are  presented  on  the  time  dependent  material  ejection  dynamics  associ¬ 
ated  with  focused  excimer  laser  beams  interacting  with  a  small  diameter  wire.  Copper  wire  75  /jm 
in  diameter  was  illuminated  with  a  KrF  excimer  laser  at  an  irradiance  of  80  GW/cm^.  Interac¬ 
tion  dynamics  were  recorded  using  both  real  time  and  double  strobed  ultraviolet  laser  imaging 
techniques.  Temporal  evolutions  of  both  vaporous  and  molten  material  are  reported  for  the  laser 
beam/wire  interactions.  Material  observed  during  2-D  shadow  imaging  on  the  shadow  side  of 
the  wire  was  shown  to  originate  from  the  illuminated  surface  without  spallation  of  material  on 
the  shadow  surface.  Material  emission  velocities  are  reported  utilizing  two  different  imaging  tech¬ 
niques.  A  maximum  velocity  of  1500  ra/s  was  obtained  for  material  ejected  in  a  direction  toward 
the  illuminating  laser.  The  elastically  scattered  incident  radiation  (ESIR)  for  both  solid  copper 
wires  and  HjO  drops  show  a  distinct  two-peak  structure  which  is  dependent  on  the  incident  energ\'. 
Broad  band  plasma  emission  for  copper  starts  at  6.5  ±  1.4  ns  after  the  pulse  arrival  as  compared  to 
11  ±  0.36  ns  for  water  drops.  Future  work  will  include  the  use  of  a  femtosecond  laser  to  investigate 
laser  interactions  at  higher  irradiances  (200  GW/cm*)  and  associated  nonlinear  behavior. 
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I.  INTRODUCTION 


Excimer  laser  interaction  with  metals  has  been  widely  investigated  utilizing  generally  flat  tar¬ 
gets  with  beam  intensities  near  the  optical  breakdown  thresholds'"^  and  at  intensities  above  the 
breakdown  thresholds.®’®  Limited  work  appears  in  the  literature  on  the  interaction  of  a  high  inten¬ 
sity  laser  becim  with  metallic  aerosols  or  small  filaments.  Armstrong  et  aL‘  performed  a  theoretical 
investigation  of  the  propagation  of  a  high-energy  laser  beam  through  metallic  aerosols.  Poulain 
et  a/.®  performed  experimental  work  on  high  intensity  KrF  excimer  laser  interaction  with  solid 
aerosols  and  reported  interesting  interaction  dynamics  and  material  breakdown  thresholds  for  sev¬ 
eral  types  of  solid  aerosol  particles.  In  order  to  overcome  some  of  the  experimental  difficulties 
reported  by  Poulain  et  al.^  and  to  better  understand  interaction  dynamics  phenomena  associated 
with  a  high-energy  laser  betim  interacting  with  solid  aerosols,  the  present  investigation  utilized  a 
thin  metallic  wire  instead  of  solid  aerosol  particles  in  the  laser  beam  probe  volume.  Thus,  in  this 
investigation,  interaction  dynamics  of  a  high  intensity  (80  GW/cm^)  KrF  excimer  laser  beam  with 
a  75  /im  diameter  copper  wire  were  studied  under  atmospheric  illumination  conditions. 

Alexander  et  al.^  has  previously  studied  the  time  history  of  ESIR  and  broadband  emission  for 
a  water  droplet  illuminated  by  KrF  laser  pulse.  The  present  work  reports  differences  in  plasma 
formation  from  copper  wire  targets  and  water  droplets,  i.e.  time  dependent  plasma  formations 
and  ESIR.  In  this  paper  we  present  comparative  data  from  the  two  distinct  types  of  plasmas  for 
incident  laser  beam  irradiance  ranging  from  1-100  GW/cm^. 

II.  EXPERIMENTAL  SETUP 

A  schematic  of  the  experimental  setup  is  shown  in  Figure  1.  A  high-energj’  beam  was  produced 
by  a  KrF  excimer  laser  (Questek  model  2860,  A  =  248  nm,  pulse  duration  =  17  ns  FWHM)  using 
unstable  optics  and  was  focused  by  a  plano-convex  lens  (d  =  50  mm,  f  =  250  mm).  The  cross 
sectional  dimensions  of  the  high-energy  beam  were  determined  experimentally  by  translating  a 
knife-edge  through  the  focused  beam.®  A  second  method  verified  the  cross  sectional  dimensions 
by  measuring  the  illuminated  damage  area  of  a  polished  nickel  plate  placed  in  the  focused  probe 
volume.  Dimensions  of  the  focused  high-energy  beam  were  approximately  110  x  135  fjm  for  this 
investigation.  A  second  excimer  laser,  identical  to  the  first  with  the  exception  of  using  stable 
resonator  optics,  was  used  to  produce  an  imaging  beam  incident  in  a  direction  orthogonal  to  both 
the  high-energy  pulse  and  the  copper  wire.  Laser  pulses  used  for  imaging  were  synchronized  with 
the  high-energy  pulses  illuminating  the  targets  using  an  analog/digital  delay  unit,  Questek  model 
9200  Laser  Sync  Unit  (LSU).  Sync  signals  from  the  camera  control  unit  (Cohu  model  8000)  were 
sent  to  a  pulse  generator  (HP  model  8015A)  which  subsequently  provided  the  trigger  pulse  for  the 
LSU.  Pulses  from  both  lasers  were  simultaneously  monitored  using  a  fast  photodiode  (Hamamatsu 
model  C1083)  and  digitizing  oscilloscope  (Hewlett  Packard  model  54200A).  Analog  delay  controls 
on  the  LSU  were  used  to  calibrate  arrival  of  the  imaging  pulse  to  be  coincident  with  the  high-energy 
pulse  (defined  as  0  ns  image  delay  in  this  investigation).  Jitter  for  the  system  was  approximately 
±7  ns.  The  digital  delay  on  the  LSU  made  it  possible  to  delay  the  image  pulse  arrival  w’ith  respect 
to  the  high-energy  pulse  from  0-100  /xs  in  increments  of  10  ns. 

Real  time  images  of  the  laser  beam  interacting  with  the  wire  were  obtained  with  a  UV  sensitive 
vidicon  camera.  Thus,  the  image  is  integrated  over  the  laser  pulse  duration  of  17  ns  FWHM. 
Images  were  stored  on  an  optical  disk  recorder  (Panasonic  model  TQ-2023F)  and  processed  with 
a  digital  image  processing  system'®  for  subsequent  analysis.  The  probe  volume  of  the  high-energy 
illuminating  pulse  was  positioned  in  the  image  plane  by  observing  the  plasma  formed  during  air 
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breakdown  with  the  vidicon  camera.  Wire  targets  were  positioned  in  the  same  imaging  probe  vol¬ 
ume  and  centered  by  observing  the  maximum  visible  emission  from  the  illuminated  wire.  Location 
of  the  75  /xm  diameter  copper  wire  within  the  same  probe  volume  was  maintained  by  feeding  the 
I  wire  from  a  spool  through  two  glass  micro- capillaries  with  an  inside  diameter  of  127  /xm.  A  mass 

equal  to  17.5  g  was  connected  to  the  bottom  of  the  wire  to  keep  the  wire  taut.  A  stepping  motor 
was  used  to  rotate  the  spool  to  feed  new  wire  into  the  probe  volume  for  each  laser  pulse/wire 
interaction.  The  experimental  setup  used  in  the  current  work  for  interacting  H2O  droplets  with 
the  excimer  laser  beam  and  detecting  the  plasma  emission  is  described  in  Reference  9. 

III.  INTERACTION  DYNAMICS 

Experimental  work  to  visualize  the  interaction  dynamics  was  performed  using  a  pulsed  real  time 
video  imaging  system  to  record  the  dynamics  associated  with  the  high-energy  laser  interaction  with 
a  small  diameter  wire.  An  ArF  excimer  laser  imaging  system  was  operated  at  A=193  nm  to  provide 
high  resolution  images  as  well  as  to  eliminate  scattered  248  nm  emission  from  the  high-energ>' 
pulse  by  using  a  193  nm  bandpass  filter  in  line  with  the  imaging  optics.  Dynamic  interactions 
were  observed  for  a  single  80  GW/cm^  pulse  (A  =  248  nm,  pulse  duration  =  17  ns)  incident  on  a 
75  /xm  diameter  copper  wire.  For  comparative  purposes,  images  of  the  wire  were  recorded  before 
the  high-energy  pulse  interaction  and  after  the  high-energy  pulse  interaction  as  shown  in  Figure  2. 
The  illuminating  pulse  was  incident  from  right  to  left  in  Figure  2  and  produced  a  crater- shaped 
region  at  the  illuminated  surface  as  a  result  of  material  removal.  The  term  crater  in  this  work  refers 
to  the  volumetric  region  at  the  illuminated  surface  of  the  wire  where  material  has  been  removed 
as  a  result  of  the  interaction.  Images  recorded  at  various  time  delays  during  the  laser  beam/wire 
interaction  process  are  shown  in  Figures  3-5.  Delay  time  given  under  each  photograph  is  the  delay 
of  the  image  beam  (±7  ns)  with  respect  to  the  arrival  of  the  high-energy  pulse.  Dark  repons  on 
the  left  of  the  images  were  characteristic  of  the  imaging  system  used  and  were  primarily  due  to  the 
optical  effects  associated  with  the  bandpass  filter. 

The  first  noticeable  evidence  of  any  laser  beam/wire  interaction  dynamics  was  at  10  ns  image 
delay  as  shown  in  Figure  3.  A  cloud  of  material  is  visible  at  the  iUuminated  (front)  surface  of  the 
wire  but  not  at  the  shadow  (rear)  surface.  At  40  ns  image  delay,  material  emission  is  evident  at  the 
shadow  surface  of  the  wire  and  a  crater  like  depression  is  clearly  forming  at  the  illuminated  surface 
of  the  wire  as  a  result  of  the  material  removal  at  approximately  the  location  of  the  probe  volume. 
Scanning  electron  microscope  (SEM)  images  of  the  samples  showed  no  physical  material  remo\-al 
^  from  the  shadow  surface  of  the  wire.  Thus,  ejected  material  appearing  at  the  shadow  surface  of 

the  wire  was  removed  from  the  illuminated  surface  of  the  wire  and  propagated  around  the  sides 
of  the  wire.  At  60  ns  delay,  a  crater  on  the  illuminated  surface  of  the  wire  is  clearly  defined  with 
an  opaque  lip  forming  at  the  edge  of  the  probe  volume  region.  In  addition,  no  cloud  of  material  is 
apparent  above  and  below  the  probe  volume  region  as  shown  at  40  ns  image  delay.  Lifetime  of  the 
visible  plasma  emission  from  the  laser  beam/wire  interaction  was  determined  to  have  an  average 
value  of  62  ns  (FWHM).  The  cloud  of  material  appearing  at  the  illuminated  surface  of  the  w-ire 
prior  to  60  ns  image  delay  is  thought  to  be  a  dense  plasma.  At  100  ns  delay,  a  dark  repon  appears 
directly  in  front  of  the  probe  volume  on  the  illuminated  side.  The  material  is  thought  to  be  plasma 
or  vapor  and  is  evident  from  80-120  ns.  This  material  in  front  of  the  probe  volume  was  not  evident 
in  the  images  prior  to  80  ns  image  delay  since  sufficient  quantities  do  not  exist  to  be  detected  by 
the  imaging  system.  After  120  ns  delay,  this  materia]  moves  out  of  the  field  of  view  of  the  imaging 
system. 
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Images  at  longer  time  delays  ranging  from  170  ns  to  600  ns  are  shown  in  Figure  4.  From  these 
images,  it  is  evident  that  material  has  traveled  from  the  illuminated  front  wire  surface  to  form 
diffuse  fans  behind  the  shadow  surface  of  the  wire.  These  series  of  photographs  show  material 
moving  along  the  illuminated  surface  away  from  the  crater  region  in  a  lateral  direction  parallel  to 
the  wire  surface.  This  lateral  moving  material  has  moved  out  of  the  field  of  view  of  the  imaging 
system  after  800  ns  delay  as  shown  in  Figure  5.  Material  having  individual  particle  characteristics 
is  evident  behind  the  shadow  surface  of  the  wire  for  time  delays  of  800  ns  and  longer.  Particles 
could  be  observed  in  the  photographs  for  time  ddays  up  to  4.5  fis  and  were  showm  to  be  in  a  molten 
state  by  collecting  them  onto  polished  nickel  plates. 

j  SEM  images  are  shown  in  Figure  6  revealing  a  side  view  (top)  and  a  shadow  surface  view  (bot- 

I  tom)  of  copper  wire  samples  after  illumination  by  a  KrF  laser  pulse  (A  =  248  nm)  at  80  GW/cm^. 

I  The  side  view  clearly  shows  where  material  removal  occurred  and  the  crater  formed.  In  addition, 

I  molten  material  flow  has  occurred  as  demonstrated  by  the  relatively  smooth  surface  above  and 

I  below  the  crater  foUowed  by  a  rough  surface  re^on  where  solidification  of  the  material  occurred. 

I  The  top  photograph  in  Figure  6  further  shows  material  flowed  in  all  directions  from  the  crater 

I  region.  The  bottom  photograph  in  Figure  6  provides  evidence  that  no  material  was  removed  from 

^  the  shadow  surface.  Further  examination  of  the  photograph  shows  that  a  lip  has  formed  on  the 

side  of  the  wire  from  molten  material  exploding  away  from  the  illuminated  surface  as  a  result  of 
high  pressures. 

High  magnification  SEM  images  taken  of  solidified  material  located  in  the  rough  surface  region 
on  the  front  of  the  wire  are  shown  in  Figure  7.  Particles  that  solidified  before  “pinching  off”  a 
wave  surface  can  be  identified  in  the  top  photograph.  Solidification  waves  traveling  from  the  front 
surface  of  the  wire  to  the  sides  are  evident  in  the  bottom  photograph  of  Figure  7.  Particles  ejected 
at  the  sides  of  the  wire  are  smaller  than  particles  forming  from  the  surface  waves  formed  near 
the  front  surface  of  the  wire.  Surface  tension  and  the  height  of  the  surface  waves  are  important 
parameters  in  determining  the  size  of  particles  formed. 

IV.  VELOCITY  MEASUREMENTS 

Velocity  measurements  of  emitted  materials  from  the  laser  beam/wire  interactions  were  per¬ 
formed  using  single  pulse  (A  =  193  nm)  images  similar  to  those  shown  in  Figures  3-5  and  also  by 
a  dual  pulse  imaging  method  described  in  previous  work  by  Schaub  ei  al.^^  Dual  pulse  imaging 
is  performed  by  splitting  the  laser  pulse  used  for  imaging  into  two  separate  pulses  as  shown  in 
Figure  1.  One  part  of  the  imaging  pulse  travels  directly  to  the  imaging  system  while  the  second 
part  travels  over  an  additional  17.1  m  (56  ft)  of  optical  path  length.  Thus,  two  17  ns  pulses 
(■^  =  248  nm)  optically  delayed  by  56  ns  enter  the  imaging  system  providing  a  double  exposure  im¬ 
age  on  the  vidicon  camera  of  the  emitted  material  produced  from  the  laser  beam /wire  interaction. 
Velocity  of  the  emitted  material  was  determined  by  measuring  the  distance  the  molten  material 
moved  during  the  56  ns  time  interval.  The  time  interval  separating  the  dual  imaging  pulses  is  fixed 
by  the  optical  path  length,  however,  the  time  delay  of  the  first  imaging  pulse  with  respect  to  the 
high-energy  pulse  can  be  adjusted  with  the  LSU  previously  described. 

Figure  8  is  a  typical  dual  pulse  image  obtained  of  emitted  material  with  the  first  image  pulse 
delayed  500  ns  after  the  arrival  of  the  high-energy  pulse  (80  GW/cm*)  which  was  incident  from 
right  to  left.  Samples  were  positioned  to  appear  beyond  the  right  edge  of  the  monitor  screen  to 
eliminate  scattered  248  nm  emission  from  the  laser  beam/wire  interaction  which  saturates  the 
vidicon  camera.  Average  velocities  of  materials  emitted  in  a  direction  away  from  the  illuminating 
laser  were  570  m/s  at  300  ns  image  delay  and  460  m/s  at  500  ns  delay.  Dual  pulse  images  were 


I 


not  obtained  for  image  delays  shorter  than  300  ns  since  the  material  was  not  dense  enough  to  be 
picked  up  by  the  imaging  system  and  for  image  delays  longer  than  500  ns  as  a  result  of  material 
expanding  in  diffuse  fans  covering  the  complete  field  of  view.  Figure  9  is  a  typical  dual  pulse  image 
obtained  at  image  delays  of  1500  ns  and  longer  of  individual  particles  traveling  in  a  direction  away 
from  the  illuminating  laser  (right  to  left).  Particles  are  approximately  10  /xm  in  diameter  and  move 
less  than  5  /xm  in  56  ns  time  delay  which  corresponds  to  a  velocity  less  than  90  m/s. 

The  velocity  of  emitted  material  was  also  determined  by  utilizing  a  single  imaging  pxilse  and 
measuring  the  material  movement  for  a  known  time  delay  relative  to  the  arri\'al  of  the  ablation 
pulse.  A  similar  technique  was  used  by  Alexander  ei  al}^  to  determine  interaction  velocities  when 
an  excimer  laser  beam  interacted  with  a  water  droplet.  For  the  current  work,  it  is  assumed  that 
ejected  material  originates  from  the  front  of  the  crater  region  and  emission  starts  at  0  ns  image  delay. 
Velocity  calculations  for  ejected  materials  from  the  dual  and  single  imaging  pulse  techniques  are 
presented  in  Figure  10.  Data  plotted  in  the  graphs  differ  only  by  the  scale  of  the  time  (horizontal) 
axis.  The  top  graph  has  been  expanded  to  emphasize  the  acceleration  and  deceleration  during  the 
laser  pulse.  Each  data  point  on  the  graphs  represents  the  average  of  approximately  five  velocity 
calculations  for  each  time  frame.  An  estimated  error  associated  with  the  material  emission  velocity 
calculations  is  ±20%  and  is  primarily  due  to  the  uncertainties  in  properly  identifying  the  exact 
starting  and  ending  of  material  boundaries. 

Material  emission  velocities  in  a  direction  tow-ards  the  illuminating  laser  were  calculated  by 
measuring  the  material  movement  on  the  illuminated  (front)  surface  of  the  wire  and  in  a  direction 
perpendicular  to  the  wire.  The  starting  position  of  the  front  wire  surface  was  located  by  comparing 
wire  images  before  the  high-  energy  pulse  illumination  with  the  delayed  images  during  illumination 
of  the  samples.  Measurements  of  emitted  material  movement  toward  the  illuminating  laser  could 
not  generally  be  made  for  time  delays  longer  than  30  ns  since  material  boundaries  could  not  be 
clearly  identified.  However,  the  emission  velocity  was  calculated  for  material  shown  in  front  of 
the  probe  volume  at  100  ns  delay  in  Figure  3.  The  average  velocity  of  spatially  emitted  material 
toward  the  laser  is  shown  to  increase  from  1300  m/s  at  10  ns  time  delay  to  1500  m/s  at  20  ns.  The 
corresponding  acceleration  is  from  the  17  ns  (FWHM)  high-energy  pulse  still  depositing  energy 
into  the  interaction  region.  A  subsequent  deceleration  of  material  occurs  after  the  end  of  high- 
energy  laser  pulse.  Material  emission  velocities  in  a  direction  away  from  the  illuminating  laser  were 
calculated  by  the  same  procedure  used  to  measure  material  movement  on  the  illuminated  surface 
of  the  wire.  In  order  to  obtain  velocity  calculations  in  a  direction  away  from  the  illuminating 
laser,  single  pxilse  imaging  was  used  up  to  70  ns,  i.e.,  until  material  boundaries  were  no  longer 
distinguishable  and  dual  pulse  imaging  was  used  from  300-500  ns. 

Lateral  material  emission  is  defined  in  this  work  as  emitted  material  at  the  illuminated  surface 
of  the  wire  moving  out  of  the  crater  region  in  a  direction  parallel  to  the  wire.  Lateral  emission 
velocities  were  obtained  only  up  to  800  ns  image  delay  since  material  moves  out  of  the  field  of 
view  of  the  imaging  system  as  shown  in  Figure  4  and  5.  As  shown  in  Figure  10,  lateral  emission 
velocities  remain  constant  at  approximately  800  m/s  until  130  ns  image  delay  when  deceleration 
to  270  m/s  occurs  at  300  ns  delay.  Deceleration  occurs  after  the  emitted  material  crosses  the 
smooth  interaction  surface  re^on  located  above  and  below  the  crater  and  enters  the  rough  surface 
region  shown  in  Figure  6.  Molten  material  is  cooling  and  solidifying  in  the  rough  surface  region  on 
the  illuminated  wire  surface  causing  deceleration.  The  velocity  of  the  lateral  material  emission  at 
300  ns  image  delay  is  comparable  to  the  speed  of  sound  at  atmospheric  conditions. 

As  shown  in  Figure  5,  emitted  particles  appear  behind  the  shadow  surface  of  the  wire  at  a  time 
delay  of  4.5  /xs.  An  explanation  for  particles  emitted  microseconds  after  a  17  ns  pulse  interaction  is 


provided  by  examining  the  thermal  diffusion  time  and  the  material  emission  velocities.  For  metals 
interacting  with  an  excimer  laser  pulse,  Jervis  et  report  that  the  thermal  diffusion  length  (#) 
is  given  by 

S  =  2^  (1) 

where  x  is  the  thermal  diffusivity  and  r  is  the  beam  pulse  width.  For  copper  and  a  17  ns  pulse 
width  (FWHM),  6  =  2.2  fim.  Penetration  depth  (d)  of  the  incident  beam  (A  =  248  nm)  into 
copper  is  calculated  to  be  11  nm.  Since  6  d,  depth  of  energj'  distribution  over  the  17  ns  pulse 
width  is  determined  by  thermal  diffusion  as  opposed  to  the  laser  penetration  depth.  Therefore, 
thermal  diffusion  cannot  be  neglected  for  this  investigation.  Particles  emitted  during  long  time 
delays  originated  from  rough  surface  repons  of  the  wire  shown  in  Figure  7.  SEM  analysis  of  cross 
sections  of  interacted  specimens  revealed  that  the  molten  material  in  the  rough  surface  regions  can 
exceed  8  ^m  in  thickness.  By  rearranpng  Eq.  (1),  a  convenient  order-of-magnitude  estimation  for 
the  thermal  diffusion  time  (f)  through  a  metal  surface  is  given  by  Ready^^  as 
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where  D  is  the  desired  penetration  thickness.  For  D  =  8//m,  thermal  diffusion  time  (t)  would  be 
200  ns.  Single  pulse  imaging  revealed  molten  material  moving  over  the  rough  surface  region  of  the 
wire  at  approximately  1  ps  image  delay.  Emitted  particles  from  this  zone  were  previously  reported 
to  have  velocities  less  than  90  m/s.  Since  these  particles  originate  from  the  front  wire  surface  and 
are  imaged  behind  the  shadow  surface,  total  distance  traveled  is  over  75  /im  (wire  diameter)  and 
the  corresponding  travel  time  would  be  over  1.0  fxs  for  a  velocity  under  90  m/s.  Therefore,  thermal 
diffusion  time  and  material  velocities  across  the  wire  surface  account  for  microsecond  delays  of 
particle  emission  from  the  laser  beam/wire  interaction. 


V.  COPPER  AND  HjO  DROPLET  PLASMA  EMISSION 

For  our  experiments  at  A  =  248  nm,  one  photon  is  needed  to  ionize  copper  while  three  are 
required  for  water  and  air.  As  shown  in  Figure  11  the  onset  of  ionization  and  plasma  formation 
for  copper  starts  approximately  4  ns  earlier  than  plasma  formation  in  a  water  droplet.  Several 
mechanisms  contribute  to  the  observed  differences.  Before  ionization  occurs  in  water,  the  molecules 
of  HjO  will  breakup  into  Hj  and  0  which  initially  delays  the  plasma.  The  ionization  potential 
for  Hj  and  0  is  three  times  greater  than  the  ionization  potential  for  copper,  .\fter  initial  electron 
formation  by  multiphoton  ionization  (MPI),  cascade  breakdown  occurs.  For  cascade  ionization  to 
occur,  electrons  are  needed  with  an  energy  greater  than  the  material  ionization  potential.  During 
the  cascade  ionization  (CAI)  process,  energy  losses  such  as  electron  diffusion,  attachment  to  oxygen, 
and  excitation  all  alter  the  plasma  formation  processes.  In  Figure  11,  the  plasma  emission  times 
for  both  copper  and  water  plasma  are  shown.  The  delay  in  the  start  of  the  copper  plasma  can  be 
explained  by  the  4s'-3d'°  transition. 

The  time  history  of  ESIR  behavior  for  copper  is  similar  to  the  water  case  as  shown  in  Figure  12. 
Figure  12  is  a  plot  of  the  arbitrary  intensity  of  the  incident  pulse  and  ESIR  as  a  function  of  time 
for  75  fim  diameter  copper  wire  illuminated  by  a  KrF  laser  pulse  at  1-100  GW/cm*.  The  arri\'al 
of  the  incident  pulse  is  defined  as  the  time  when  the  intensity  reaches  1/e^  of  its  maximum  value 
and  is  used  to  reference  aU  other  delay  times.  The  delay  times  Pn  and  Ptz  are  taken  from  the 
incident  pulse  arrival  to  the  first  and  second  peak  of  ESIR,  respectively.  V(  is  the  delay  time  from 
the  incident  pulse  arri^’al  to  the  first  minimum  of  the  ESIR.  As  expected,  the  first  ESIR  starts  as 


the  incident  pulse  arrives.  In  Figure  12(a),  one  observes  that  the  first  ESIR  is  rapidly  increasing 
within  6  ns  after  the  incident  laser  pulse  reaches  the  surface  of  the  copper  wire.  ESIR  peaks  and 
then  decreases  as  a  result  of  the  plasma  formation  on  the  surface  of  the  material  which  absorbs 
the  incident  pulse  energy.  As  the  time  is  increased,  the  density  of  the  resulting  electrons  and  ions 
increase  such  that  a  dense  plasma  reflects  the  incident  pulse  until  its  reaches  the  peak,  Pt2-  At 
the  irradiance  of  100  GW/cm*,  the  intensity  of  the  second  ESIR  peak  is  higher  than  P<i.  This 
indicates  that  the  higher  input  energy  results  in  a  higher  frequency  plasma  as  well  as  a  more  dense 
plasma.  At  the  input  energy  of  50  GW/cm*,  the  first  ESIR  appears  to  be  dominant.  .\t  lower 
input  energies,  there  is  no  distinct  second  ESIR-  peak  which  implies  only  a  low  density  plasma  on 
the  surface  of  the  copper  wire.  Examination  of  the  wire  surface  using  a  stereo  microscope  revealed 
oxidation  and  no  material  remoN'al  for  the  lower  input  energies. 

The  delay  times,  P<i,  Ptj  and  V«  for  the  copper  and  water  can  be  compared  and  are  shown  in 
Figure  13.  In  Figure  13,  subscripts  c  and  w  refer  to  the  copper  and  the  water,  respectively.  As 
shown  in  Figure  13,  there  is  a  general  trend  for  the  delay  times  of  the  copper  to  be  higher  than  for 
water.  However,  the  standard  deviation  for  the  copper  wire  results  is  much  higher  than  P12  and  Vt 
due  to  the  plasma  instability  in  time,  even  though  the  Pa  is  quite  stable.  As  the  input  irradiance 
is  increased,  the  delay  time  for  plasma  formation  for  both  materials  remains  essentially  constant. 
The  spectral  distribution  of  the  ESIR  <ind  plasma  emission  in  the  spectral  range  of  440-520  nm  is 
shown  in  Figure  14.  The  second  harmonic  of  the  ESIR  is  approximately  496  nm  and  serves  as  a 
reference  wavelength.  At  26  ns  after  the  incident  pulse  arrival,  the  ESIR  is  less  than  the  continuum 
radiation.  The  copper  line  (510.5  nm)  and  nitrogen  (510  nm)  line  are  both  very  evident  in  the 
plasma  emission  spectrum. 

VI.  SUMMARY 

High  intensity  ultraviolet  laser  interaction  with  a  metallic  filament  and  with  HjO  droplets  has 
been  investigated.  A  2-D  shadow  imaging  system  showed  both  \-aporous  and  molten  material 
emitted  from  the  laser  beam/wire  interaction.  Material  was  shown  to  be  emitted  in  every  direction 
from  the  probe  volume  <is  a  result  of  a  high  pressure  region  at  the  surface  of  the  wire.  Emitted 
material  imaged  at  the  shadow  surface  of  the  wire  originated  from  the  illuminated  surface  and 
propagated  around  the  sides  of  the  wire.  A  maximum  material  velocity  of  approximately  1500  m/s 
was  calculated  for  ablated  material  in  a  direction  back  toward  the  illuminating  laser.  Emitted 
particles  were  evident  4.5  fis  after  arrival  of  the  high-energy  pulse.  It  was  concluded  that  this 
delay  was  the  resultant  combination  of  the  thermal  diffusion  time  and  material  emission  velocities. 
Particles  ejected  at  these  later  times  were  shown  to  have  a  velocity  of  under  90  m/s. 

The  ESIR  of  copper  ware  plasma  also  has  a  two  distinct  peak  structure  which  is  dependent  on 
the  input  energy  and,  except  for  differences  in  initiation  times,  is  similar  to  plasma  formation  in 
H2O  droplets.  Plasma  formation  of  the  copper  wire  started  4  ns  earlier  as  a  result  of  the  dissociation 
times  of  H2O.  In  addition,  the  ionization  potential  of  copper  is  around  three  times  smaller  than 
H2  and  0.  However,  the  rise  time  in  the  copper  plasma  was  not  as  fast  as  that  observed  in  plasma 
emitted  from  water  droplets  as  a  result  of  interband  transition. 
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Figure  1.  Schematic  of  the  experimental  setup. 
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Figure  5.  Interaction  of  KrF  laser  (A  =  248  nm)  with  a  75  fim  diameter  copper  wire  at 
80  GW/cm^.  Time  given  under  each  photograph  is  the  delay  of  the  image  beam  with  respect  to 
the  arri\’aJ  of  the  high-energy  laser  pulse.  Beam  propagation  is  from  right  to  left. 


Figure  6.  Photomicrographs  of  side  %'iew  (top)  and  shadow  surface  (bottom)  of  an  iliuminated 
5  pm  diameter  copper  wire.  Irradiation  was  80  GW/cm*  by  a  KrF  pulse  (A  =  248  nm). 


.  Figure  7.  Photomicrographs  of  typical  waves  and  particle  formations  on  the  front  surface  of  an 
illuminated  75  pm  diameter  copper  wire.  Irradiation  was  80  GW/cm*  by  a  KrF  pulse  (A  =  248  nm). 


Figure  8.  TypicaJ  dual  pulse  images  of  emitted  material  traveling  from  right  to  left  away 
from  the  ablation  <irea.  Time  delay  between  each  imaging  pulse  is  56  ns  providing  a  double 
exposure  image.  First  image  piilse  delayed  500  ns  after  arrival  of  high-energy  pulse.  Irradiation 
was  80  GW/cm^  by  a  KrF  pulse  (A  =  248  nm).  Image  dimensions  are  280  //m  square. 
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Figure  9.  Typical  dual  pulse  images  of  emitted  copper  particles  traveling  from  right  to  left 
away  from  the  ablation  area.  Time  dday  between  each  imaging  pulse  is  56  ns  providing  a  double 
exposure  image.  First  image  pulse  delayed  1500  ns  after  arri\'al  of  high-energj’  pulse.  Irradiation 
was  80  GW/cm*  by  a  KrF  pulse  (A  =  248  nm).  Image  dimensions  are  165  x  230  /im. 
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Figure  10.  Average  velocities  of  emitted  materials  from  interactions  of  KrF  laser  radiation 
at  80  GW/cm^  with  75  fiia  diameter  copper  wire  as  a  function  of  the  image  time  delay.  Top 
graph  has  been  expanded  to  emphasize  the  acceleration  during  the  laser  pulse  and  the  subsequent 
deceleration. 
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Figure  12.  Intensities  of  the  incident  pulse  (solid  curves)  and  the  ESIR  (dashed  curves)  as  a 
function  of  time  for  75  fim  diameter  copper  wire  iDuminaled  by  a  KrF  laser  pulse  of  1-100  GW/cm*. 
The  vertical  scale  is  in  arbitrary  intensity  units. 
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ABSTRACT 

.4  theoretical  procedure  has  been  developed  for  the  determination  of  the  internal  and  exter¬ 
nal  electromagnetic  fields  for  a  monochromatic  beam  incident  upon  a  homogeneous  particle  of 
arbitrarily-defined  shape.  The  procedure  is  best  suited  for  the  andysis  of  near- spherical  particles 
(i.e.,  particles  which  deviate  from  a  sphere  by  plus-or- minus  a  few  tenths  of  a  radii).  Verification 
and  demonstration  calculations  are  presented.  Also  presented  axe  calculations  investigating  the 
effect  of  particle  shape  on  internal  heating  distributions  for  COj  laser  heated  water  droplets,  and 
calculations  investigating  the  effect  of  surface  deformation  on  resonance  excitation  within  an  oth¬ 
erwise  spherical  particle.  Future  work  will  include  consideration  of  modifications  of  the  theoretical 
j  procedure  that  would  allow  solutions  for  elongated  particles,  and  the  comparison  of  theoretical 

calculations  with  corresponding  experimental  measurements. 

I.  INTRODUCTION 

In  an  earlier  work,'  equations  were  derived  for  the  theoretical  determination  of  the  internal 
and  external  electromagnetic  fields  for  a  beam  incident  upon  a  homogeneous  spherical  particle.  A 
}  procedure  has  been  developed  that  now  permits  the  determination  of  the  electromagnetic  fields 

for  a  beam  incident  upon  a  homogeneous  particle  of  arbitrarily-defined  shape.  This  new  approach, 
to  be  referred  to  as  the  irregularly-shaped  particle/arbitrary  beam  theory,  appears  to  be  most 
applicable  for  the  analysis  of  near-spherical  particles  (i.e.,  particles  which  deviate  from  a  sphere  by 
plus-or-minus  a  few  tenths  of  a  radii).  The  theory  could  be  used,  for  example,  to  determine  the 
electromagnetic  fields  for  a  laser  beam  incident  upon  a  small  liquid  droplet  that  has  been  deformed 
in  shape  due  to  aerodynamic,  thermal,  or  electromagnetic  stresses. 

I  Previously,  Yeh,  Colak,  and  Barber,’  have  also  considered  the  beam  incident  upon  an 

irregularly-shaped  particle  problem.  In  the  approach  of  Yeh,  Colak,  and  Barber,’  the  incident  field 
is  expanded  in  a  plane  wave  spectrum  and  a  superposition  of  plane  wave  solutions,  obtained  using 
the  extended  boundary  condition  method  (EBCM),’  is  performed.  In  our  theoretical  development, 
the  incident  field  is  utilized  directly,  and  a  superposition  of  solutions  is  not  necessary.  In  addition, 
the  primary  emphasis  of  the  work  of  Yeh,  Colak,  and  Barber’  concerned  the  determination  of  fax- 
field  scattering  patterns.  In  our  paper,  the  primary  emphasis  is  the  determination  of  the  internal 
I  and  near-surface  electromagnetic  fidd  distributions. 


I 


II.  THEORETICAL  DEVELOPMENT 


Only  a  general  description  of  the  irregularly-shaped  particle/arbitrary  beam  theory  will  be 
presented  here.  Detailed  equations  are  given  in  Ref.  4. 

The  specific  problem  considered  is  that  of  a  monochromatic  electromagnetic  beam  within  an 
infinite,  nonabsorbing,  dielectric  medium  incident  upon  a  particle  of  arbitrarily-defined  shape.  The 
particle  and  the  surrounding  medium  are  each  homogeneous,  line<ir,  isotropic,  and  nonmagnetic 
{fi  =  1).  The  geometrical  arrangement  is  shown  in  Fig.  1.  The  coordinate  system  origin  is 
located  within  (and  near  the  center)  of  the  particle.  The  particle  has  an  associated  characteristic 
radius,  a,  and  all  spatial  quantities  are  nondimensionalized  (as  indicated  by  a  tilde)  relative  to 
this  characteristic  radius.  Though  the  theoretical  development  is  applicable  for  any  incident  beam 
for  which  a  mathematical  description  is  known,  for  the  calculations  presented  in  this  paper,  a 
focused,  linearly- polarized,  Gaussian-profiled  (TEMoo  mode)  beam  will  be  assumed.  A  fifth-order 
corrected  mathematical  description  of  the  electromagnetic  field  components  for  the  Gaussian  beam, 
as  previously  presented  in  Ref.  5,  is  utilized  for  the  analysis.  All  electromagnetic  quantities  are 
nondimensionalized  relative  to  an  electric  field  magnitude  characteristic  of  the  incident  beam,  Eq. 
For  the  Gaussian  beam,  Eq  is  the  electric  field  magnitude  at  the  focal  point,  which  can  be  related 
to  the  beam  power  by  an  expression  given  in  Ref.  5. 

The  input  parameters  of  the  andj’sis  are  as  follows:  (1)  the  particle  shape  function,  f[9,<j>) 
(A  nondimensionalized  single-\’alued  function  of  the  spheric^  coordinate  angles  that  defines  the 
surface  of  the  particle.  For  a  centered  sphere,  this  function  would  equal  to  one.),  (2)  the  particle 
size  parameter,  a  =  23ra/Aexj  (Ae*<  is  the  wavelength  within  the  surrounding  medium.),  (3)  the 
complex  relative  refractive  index  of  the  particle,  n  =  (4)  the  nondimensionalized  beam 

focal  point  coordinates,  (ioiJ/Oi^)  (The  location  of  the  focal  point  of  the  incident  beam  relative 
to  the  particle.),  (5)  the  nondimensionalized  beam  waist  radius,  tiio,  (6)  the  beam  propagation 
direction  angle,  (The  beam  is  assumed  to  propagate  parallel  to  the  x-z  plane.  Bbi  is  the  angle 
of  beam  propagation  relative  to  the  y-z  plane.),  and  (7)  the  beam  polarization  orientation  angle, 
<t>bd  (For  <l>bd  =  0®,  the  beam  electric  field  polarization  is  parallel  to  the  x-z  plane.  For  =  90®, 
the  beam  electric  field  polarization  is  perpendicular  to  the  x-z  plane.). 

The  procedure  for  determining  the  electromagnetic  fields  for  a  beam  incident  upon  a  particle 
of  arbitrarily-defined  shape  is  a  generalization  of  the  beam  incident  upon  a  spherical  particle  de¬ 
velopment  presented  in  Ref.  1.  The  electromagnetic  field  is  divided  into  three  parts:  the  incident 
field  (the  field  that  would  exist  in  the  absence  of  the  particle),  the  scattered  field  (the  difference 
between  the  external  particle  field  and  the  incident  field),  and  the  internal  field  (the  field  within 
the  particle).  The  ex^rnal  field  is  the  sum  of  the  incident  field  (assumed  known)  and  the  scattered 
field:  -|-  E^’'>  and  4-  The  scattered  field  and  the  internal  field  are  to 

be  determined.  The  solution  is  formulated  in  spherical  coordinates,  (r,  S,^). 

The  electromagnetic  field  components  of  the  unknown  scattered  and  internal  fields  are  ex¬ 
pressed  in  the  form  of  general  series  expansions  (obtained  from  a  separation-of- variables  solution  of 
Maxwell’s  equations)  involving  products  of  radial-dependent  Riccati- Bessel  functions 
angularly-dependent  spherical  harmonic  functions  (Vim)*  as  were  derived  in  Ref.  1.  It  is  assumed, 
even  though  the  particle  is  not  spherical,  that  the  scattered  field  is  appropriately  expressed  in  terms 

of  outgoing  spherical  waves  (^'^  =  —  t'xi)  and  the  internal  field  is  appropriately  expressed  in 

terms  of  stwding  waves  (^j  only).  The  v^dity  of  these  assumptions  will  be  discussed  in  Sec. 
in.  The  series  expansions  for  the  electromagnetic  field  components  are  each  of  the  form  of  double 
summations  over  the  indexes  I  and  m.  If  £  is  the  maximum  value  of  the  index  I  required  for  series 
convergence,  there  will  then  be 


L 

AT  =  5^(2/ -H)  (1) 

isl 

terms  in  each  series  expansion.  (N  equals  the  number  of  I  and  m  combinations  for  a  given  L.) 

The  series  coefficients  for  the  scattered  field  (ai„,6/,„)  and  the  series  coefficients  for  the  internal 
field  (cimt^im)  we  determined  by  applying  the  four  boundary  conditions  associated  with  the  fact 


that  the  tangential  electric  and  magnetic  field  fields  axe  continuous  across  the  particle  surface. 
E^•aJuating  the  four  boundary  conditions  at  a  particular  angular  position  {9,<f>)  and  then  expanding 
these  equations  in  spherical  harmonics  provides  a  set  of  4N  linear,  algebraic  equations  for 

the  determination  of  the  4N  values  of  the  series  coefficients  Once  the  series 

coefficients  for  the  scattered  and  internal  fields  are  known,  the  series  expansions  can  be  used  to 
determine  the  electromagnetic  field  anywhere  internal  or  external  to  the  particle. 

If  the  particle  is  axisymmetric  independent  of  <i>],  then  major  simplifications  in  the 

solution  procedure  occur.  In  particular,  the  series  coefficients  for  each  index  m  can  be  determined 
by  solving  a  set  of  4(X  —  lm|  +  1)  linear,  algebraic  equations  (two  sets  of  2(X  +  1)  equations  for  m  = 
0).  Thus,  for  the  axisymmetric  case,  it  is  required  to  solve  (L  +  2)  “small”  sets  of  linear,  algebraic 
equations,  instead  of  a  single  “large”  4N  set  of  linear,  algebraic  equations,  as  is  necessary  for  the 
general  case. 

III.  APPLICABILITY 

As  previously  mentioned,  it  is  assumed  that  the  scattered  field  is  appropriately  expressed  in 
terms  of  outgoing  spherical  waves  =  ^t  —  ixi)  and  the  internal  field  is  appropriately  expressed 
in  terms  of  standing  waves  (V’l  only).  These  assumptions  are  sometimes  referred  to  as  the  “Rayleigh 
hypothesis.”  Even  though  the  ^nlidity  of  the  assumptions  associated  with  the  Rayleigh  hypothesis 
can  be  questioned  for  the  case  of  the  irregularly-shaped  particle.  Chew®  has  recently  shown  that, 
on  a  fundamental  level,  the  Rayleigh  hypothesis  approach  and  the  extended-boundary-condition- 
method  (EBCM)  are  essentially  equi\-alent.  For  both  of  these  methods,  the  resultant  matrix  for  the 
solution  of  the  series  coefficients  describing  the  fields  becomes  ill-conditioned  (small  changes  in  the 
terms  of  the  coefficient  matrix  may  produce  large  changes  in  the  solution  vector)  for  the  analysis  of 
elongated  particles.  The  irregularly-shaped  particle/arbitrary  beam  theory,  similar  to  the  EBCM, 
is  best  suited  for  the  analysis  of  near-spherical  particles.  A  further  discussion  of  the  applicability 
of  the  theory  is  presented  in  Ref.  4.  All  calculations  in  this  paper,  with  the  exceptions  of  Figs.  6 
and  7,  represent  fully  converged  solutions. 

IV.  VERIFICATION  CALCULATIONS 

The  irregularly-shaped  paxticle/arbitrary  beam  theory  was  verified  by  making  direct  compar¬ 
isons  with  known  solutions.  Calculations  were  performed  for  a  spherical  particle  displaced  from  the 
origin.  If  the  sphere  is  displaced  along  the  z-axis,  then  the  particle  shape  function  is  a  function  of 
the  polar  angle,  f{6),  and  the  axisymmetric  irregularly-shaped  particle/arbitrary  beam  theory  can 
be  applied.  However,  if  plane  wave  illumination  is  assumed,  the  electromagnetic  field  distribution 
should  be  identical  to  that  of  plane  wave  Lorenz-Mie  theory. 

As  an  example.  Fig.  2  presents  a  plot  of  the  normalized  source  function  (S  =  \E\‘^/Eq) 
distribution  in  the  x-z  plane  for  a  30‘'  angle  of  incidence  plane  wave  inddent  upon  a  centered 
sphere  of  a  =  8.0  and  fi  =  1.2  -}-  0.02i.  Figure  2  is  the  Lorenz-Mie  theory  solution  rotated  30® 
about  the  origin  in  the  x-z  plane  in  order  to  account  for  the  angle  of  inddence  of  the  plane  wave. 
Figure  3  was  generated  using  the  axisymmetric  theory  for  identical  conditions  as  Fig.  2,  except  that 
the  sphere  has  been  displaced  along  the  z-axis  by  a  distance  of  Az  =  -f  0.25.  A  comparison  of  Figs. 
2  and  3  shows  that  the  normalized  source  function  distribution  of  the  displaced  sphere  (Fig.  3) 
calculated  using  the  axisymmetric  theory  is  identical  to  the  normalized  source  function  distribution 
of  the  centered  sphere  (Fig.  2)  calculated  using  Lorenz-Mie  theory,  except  that  the  entire  solution 
of  Fig.  3  (both  internal  and  near-field)  has  been  shifted  along  the  z-axis  by  a  distance  of  Af  = 
0.25,  as  would  be  expected. 

A  similar  approach  was  used  to  confirm  the  general  irregularly-shaped  particle/arbitrary  beam 
theory,  except  the  sphere  is  now  displaced  along  the  x-axis  so  that  the  particle  shape  function  is 
a  function  of  both  the  polar  and  azimuthal  angles,  f(9, 4)-  Figure  4  shows  the  normalized  source 
function  distribution  for  a  30®  angle  of  inddence  plane  wave  inddent  upon  a  centered  sphere  of  a  = 
2.0  and  n  =  1.2  -f  0.02  as  determined  using  Lorenz-Mie  theory.  Figure  5  provides  the  normalized 
source  function  distribution  calculated  using  the  general  theory  for  conditions  identical  to  those  of 


Fig.  4,  except  that  the  sphere  has  been  displaced  along  the  x-axis  by  a  distance  of  Ax  =  0.1.  A 
comparison  of  Figs.  4  and  5  shows  that  the  normalized  source  function  distribution  of  Fig.  5  is 
identical  to  that  of  Fig.  4,  except  that  the  entire  solution  has  been  shifted  along  the  x-axis  by  a 
distance  of  Ai  =  +0.1,  as  would  be  expected. 

Another  confirmation  of  the  arbitrarily-shaped  particle  theory  was  obtained  by  making  com¬ 
parisons  with  an  existing  nonspherical,  regular  geometry  solution.  Asano  and  Yamamoto'  have 
developed  an  analytical  solution  for  the  determination  of  the  electromagnetic  fields  for  a  plane 
wave  incident  upon  a  spheroidal  particle.  In  Ref.  7,  far-field  scattering  patterns  for  a  0°  angle  of 
incidence  plane  wave  incident  upon  prolate  and  oblate  spheroids  of  various  size  parameters  and 
various  axis  ratios  are  presented.  Asano  and  Yamamoto'  plotted  far-field  normalized  scattering 
intensity, 
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versus  scattering  angle  (d)  in  the  plane  of  incident  electric  field  polarization  and  in  the  plane 
perpendicular  to  the  incident  electric  field  polarization.  This  was  done  for  size  parameters,  c,  of  1 
through  7,  where  the  c  size  parameter  of  Asano  and  Yamamoto^  is  related  to  the  size  parameter, 
a,  of  this  paper  by 


c(q/^) 
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where  a/b  is  the  major  to  minor  axis  ratio.  An  index  of  refraction  of  n  =  1.33  +  O.OOi  was  assumed. 

The  axisymmetric  irregularly-shaped  particle/arbitrary  beam  theory  was  used  to  calculate  far- 
field  scattering  patterns  using  parameters  consistent  with  those  used  in  Asano  and  Yamamoto.^ 
Figure  6  presents  the  far-field  scattering  patterns  for  a  0®  angle  of  incidence  plane  wave  incident 
upon  a  prolate  spheroid  of  a/b  =  2  axis  ratio  as  calculated  using  the  axisymmetric  theory.  Figure 
6  can  be  directly  compared  with  Fig.  3  of  Asano  and  Yamamoto/  Figure  6  is  a  vertically-unsc^ed, 
semi-log  plot  with  each  vertical  division  representing  a  factor  of  ten  difference  in  normalized  scat¬ 
tering  intensity.  The  forward-scattered  {0  —  0®)  and  the  back-scattered  {9  —  180®)  normalized 
scattering  intensity  values  are  shown  for  each  size  parameter.  The  scattering  patterns  generated 
using  the  axisymmetric  theory  agreed  within  a  few  percent  with  those  of  Asano  and  Yamamoto.^ 
For  the  prolate  spheroid,  the  forward-scattered  values  agreed  with  an  average  deviation  of  0.3% 
and  the  back-scattered  values  agreed  with  an  average  deviation  of  3.2%. 

The  far-field  scattering  patterns  for  an  oblate  spheroid  of  a/b  =  2  axis  ratio,  calculated  using 
the  axisymmetric  theory,  are  given  in  Fig.  7.  Figure  7  can  be  directly  compared  with  Fig.  5 
of  Asano  and  Yamamoto.^  Again,  the  two  results  were  in  general  agreement.  The  back-scattered 
values  agreed  with  an  average  deviation  of  1.1%  and  the  forward-scattered  values  agreed  with  an 
average  deviation  of  6.1%. 

As  was  previously  discussed,  the  theoretical  procedure  developed  in  this  paper  is  best  suited  for 
the  analysis  of  near-spherical  particles.  The  far-field  scattering  calculations  for  the  a/b=2  axis  ratio 
prolate/oblate  spheroids  of  Figs.  6  and  7  were  not  fully  converged  solutions.  For  each  case,  L  w-as 
increased  until  the  algebraic  equations  became  too  ill-conditioned  to  permit  accurate  numerical 
solution.  For  the  maximum  permissible  value  of  L,  the  far-field  scattering  intensities  were  still 
changing  by  plus  or  minus  a  few  percent  for  each  increment  in  L.  This  lack  of  full  convergence  may 
explain  the  slight  difference  of  the  results  of  Figs.  6  and  7  with  the  comparable  results  of  Asano 
and  Yamamoto.^ 


V.  TIGHTLY-FOCUSED  BEAM  ON  AN  OBLATE  SPHEROID 

In  order  to  demonstrate  the  ability  to  determine  the  electrom^netic  fields  for  a  focused  beam 
incident  upon  a  nonspherical  particle,  calculations  were  performed  for  a  tightly-focused  beam  inci¬ 
dent  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2,  a  =  15.0,  and  n  =  1.3  +  O.Oli.  The  angle 
of  incidence  (^sd)  was  held  at  0®  and  the  incident  electric  field  polarization  was  in  the  x-z  plane 


{dbd  =  0'’)-  Figure  8  shows  the  internal  normalized  source  function  distribution  in  the  x-z  plane  for 
an  incident  plane  wave  {wq  =>  oo).  Only  the  internal  field  distribution  is  presented  (the  near-field 
values  were  artificially  set  to  zero)  so  as  to  clearly  show  the  nonsphericaJ  shape  of  the  particle. 

Figure  9  is  for  the  same  conditions  as  Fig.  8,  but  instead  of  plane  wave  incidence,  a  beam  (uio  = 
0.667)  is  focused  at  the  center  of  the  particle  (io  =  yo  =  ^  =  O-O)-  The  normalized  source  function 
distribution  for  beam  illumination  is  distinctly  different  than  that  for  plane  wave  illumination,  as 
can  be  seen  by  comparing  Figs.  8  and  9.  Figure  10  is  for  the  same  incident  beam  conditions  as  Fig. 
9,  except  that  the  focal  point  of  the  beam  has  been  moved  up  the  x-axis  to  a  position  halfway  along 
the  major  axis  of  the  oblate  spheroid  (xq  =  0-5,  yo  =  ^  =  0.0).  Figure  11  shows  the  normalized 
source  function  distribution  with  the  beam  focused  at  the  edge  of  the  particle  (ip  =  l-0>  Vo  = 

=  0.0). 

VI.  CO2  LASER  HEATING  OF  SPHEROIDAL  WATER  DROPLETS 

As  an  application  of  the  axisymmetric  irregularly-shaped  particle/arbitrary  beam  theory,  the 
effect  of  nonsphericity  on  the  spatial  heating  distribution  within  a  water  droplet  heated  by  a  CO2 
laser  beam  (A  =  10.6/im,n  =  1.179  -b  0.072i)  was  investigated.  The  heating  rate  per  unit  volume 
within  the  droplet  is  directly  proportional  to  the  normalized  source  function,  S.  Equal  volume 
prolate/oblate  spheroidal  water  droplets  (tt*pfcere  =  8.0,  dtphen  ^  27/zTn)  of  major  to  minor  axis 
ratios  (a/b)  of  1.1  and  1.2  were  analyzed.  Plane  wave  incidence  (wo  00)  was  assumed  and  three 
particle  orientations  were  considered:  (Case  A:  0i,d  =  0‘^jd>bd  =  O®)?  (Case  B:  6bd  =  90®,i^w  =  O”)! 
and  (Case  C:  Obd  -  90“,  4>bd  =  90“). 

For  the  spherical  particle  (a/b=l).  Cases  A,  B,  and  C  <ire  indistinguishable,  and  the  maximum 
normalized  source  function  value  within  the  spherical  droplet  was  determined  to  be  Smax  ~  1.019. 
The  effect  of  particle  shape  and  orientation  on  maximum  source  function  is  summarized  in  Table 
1.  For  orientation  A,  the  prolate  shape  results  in  an  increased  v’alue  of  Smax  (relative  to  that  of 
an  equal  volume  sphere)  while  for  orientation  C,  the  oblate  shape  results  in  an  increased  ’value  of 
Smax-  As  an  example  of  the  effect  of  particle  shape  on  the  spatial  distribution  of  normalized  source 
function  (heating).  Fig.  12  gives  the  normalized  source  function  in  the  y-z  plane  for  orientation  A 
for  a.)  a  sphere,  b.)  a  prolate  spheroid  with  a/b  =  1.1,  and  c.)  a  prolate  spheroid  with  a/b  =  1.2. 

VII.  EFFECTS  OF  SURFACE  DEFORMATION  AT  RESONANCE 

The  beam  incident  upon  an  arbitrarily-shaped  particle  theory  permits  electromagnetic  field 
determinations  for  particles  of  irregular  geometry.  As  an  example  of  an  application,  the  axisym¬ 
metric  theory  was  used  to  investigate  the  effect  of  a  surface  deformation  on  resonance  excitation 
within  an  otherwise  spherical  particle.  (The  effect  of  focal  point  positioning  on  resonance  excitation 
was  investigated  in  Ref.  8.)  The  particle  is  assumed  spherical  except  for  an  axisymmetric  surface 
deformation  located  within  the  polar  angle  interval  x/8  <  0  <  3x/8: 


1  for  <  7r/8 

1  -b  €/2(1  -b  cos|8(^  -  jr/8)  -  r])  for  jr/8  <  3jr/8 
1  for  >  3jr/8 


(4) 


The  height  of  the  deformation,  e,  can  be  either  positive  (protrusion),  negative  (depression),  or  zero 
(perfect  sphere).  Plane  wave  illumination  with  a  0“  an^e  of  incidence  is  assumed  which  provides 
a  degenerate  condition  such  that  all  series  coefficients  except  m  =  i:l  are  identically  zero.  In 


addition,  the  m  =  ±1  terms  can  be  combined  so  that  the  double  summation  electromagnetic  field 
component  expansions  reduce  to  single  summations  over  the  radial  index, 

E.  (5) 

t=i 

with  the  associated  single  index  series  coefficients:  a/,6j,C(,  d/. 

Assuming  an  index  of  refraction  of  n  =  1.334  +  1.2xl0“®i  (0.5145  um  wavelength  argon-ion 
laser  incident  upon  water),®  a  spherical  particle  resonance  was  located.  The  resonance  chosen  was 
the  34th  mode,  1st  order  magnetic  wave  (TE  mode)  resonance  which  occurs  at  a  =  29,285.  At  this 
size  parameter,  the  magnitude  of  the  34th  radial  inaex  magnetic  wave  internal  field  series  coefficient 
(1^34])  attains  a  peak  value,  as  shown  in  Fig.  13. 

The  effect  of  a  surface  deformation  on  the  excitation  of  this  resonance  was  investigated  by 
determining  1^34!  as  a  function  of  e  and  a.  In  Fig.  14,  ld34|  is  plotted  versus  size  parameter  for  e  = 
0.00,  ±0.01,  and  ±0.02,  and  in  Fig.  15, 1^34 1  is  plotted  versus  size  parameter  for  c  =  0.00  and  ±0.05. 
.4s  can  be  s^n  in  Figs.  14  and  15,  the  presence  of  the  surface  deformation  shifts  the  resonance 
to  smaller  size  parameters  for  protrusions  (e  >  0)  and  to  larger  size  parameters  for  depressions 
(c  <  0).  Surface  deformations  also  decrease  the  Quality  of  the  resonance  with  protrusions  (e  >  0) 
haviim  a  greater  effect  than  depressions  (e  <  0)  (lor  these  particular  conditions). 

For  small  deformations,  jcf  <  0.02,  resonance  is  apparently  retained  when  the  circumference  of 
the  deformed  particle  matches  the  circumference  of  the  corresponding  resonant  spherical  particle. 
This  observation  is  illustrated  by  the  results  presented  in  Table  2. 

VIII.  CONCLUSION 

A  theoretical  procedure  has  been  developed  for  the  determination  of  the  internal  and  exter¬ 
nal  electromagnetic  fields  for  a  monochromatic  beam  incident  upon  a  homogeneous  particle  of 
arbitrarily-defined  shape.  The  procedure  is  apparently  best  suited  for  the  analysis  of  near-spherical 
particles  and,  for  example,  could  be  used  to  analyze  laser  beams  interactions  with  liquid  droplets 
that  have  been  slightly  distorted  in  shape  due  to  aerodynamic,  thermal,  or  electromagnetic  stresses. 
Future  work  will  include  consideration  of  modifications  of  the  theoretical  procedure  that  would  allow 
solutions  for  elongated  particles,  and  the  comparison  of  theoretical  calculations  with  corresponding 
experimental  measurements. 
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FIG  2.  Normalized  source  function  distribution  in  the  x*z  plane  for  a  30®  angle  of  incidence  plane 
wave  incident  upon  a  centered  sphere,  a  =  8.0,  n  =  1.2  +  0.02i,  wo  =  oc  (plane  wave),  Otd  =  30®, 
and  <i>bd  =  90®. 
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FIG  3. 


n.  •  function  distribution  in  the  x-z  plane  for  a  30®  angle  of  incidence  plane 

wave  jnadent  upon  a  sphere  displaced  along  the  z-axis  by  Ai  =  +0.25.  q  =  80  n  =  12  +  0  02i 
tuo  =  oo  (plane  wave),  <1^  =  30®,  and  4>kd  =  90®.  o.  a  e.u,  n  -  +  u.u-ii, 


FIG  4.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  30°  angle  of  incidence  plane 
wave  incident  upon  a  centered  sphere,  a  =  2.0,  n  =  1.2  +  0.02i,  iBo  =  oo  (plane  wave),  Otd  =  30°, 
and  dbd  =  90°. 


FIG  5.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  30°  angle  of  incidence  plane 
wave  incident  upon  a  sphere  displaced  along  the  x-axis  by  =  -1-0.10.  a  =  2.0,  n  =  1.2  -(-  0.02i, 
u>o  =  00  (plane  wave),  0bd  =  30°,  and  4>bd  —  90°. 


FIG  6.  Far-fleld  normalized  scattering  intensity  for  a  0®  angle  ^^9  9  F^'licld  normalized  scattering  intensity  for  a  0*  angle 

of  incidence  plane  wave  incident  upon  a  a/b  =  2  axis  ratio  proiate  spheroid.  incidence  plane  wave  incident  upon  a  a/b  =  2  axis  ratio  oblate  s])hcroid. 

Solid  line:  y-z  plane.  Dashed  line:  x-z  plane,  a  =  1.155c,  V'*  plane.  Dashed  line;  x-z  plane,  a  =  1.155c, 

n  =  1.33  +  O.OOi,  Wo  =  00  (plane  wave),  Ou  =  0®,  and  =  0®.  =  1-33  +  O.OOi,  tho  =  oo  (plane  wave),  0u  =  0®,  and  <l>n  =  0®. 

Compare  with  Fig.  3  of  Asano  and  Yamamoto.^  Compare  with  Fig.  5  of  Asano  and  Yamamoto.^ 
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FIG  8.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0°  angle  of  incidence 
plane  wave  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  a  =  15.0,  n  =  1.33  +  O.OOi, 
u'o  =>  00  (plane  wave),  io  =  yo  =  =0.0,  0bd  =  0®,  and  dkd  =  0®. 


FIG  9.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0®  angle  of  incidence 
focused  beam  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  On-center  focal  point 
positioning,  a  =  15.0,  n  =  1.33  +  O.OOi,  wq  =  0.667,  io  =  jio  =  =  0.0,  9t,d  ~  0®,  and  =  0®. 
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FIG  10.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0°  angle  of  incidence 
focused  beam  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1-2.  Mid-axis  focal  point 
positioning,  a  =  15.0,  n  =  1.33  -J-  O.OOi,  wo  =  0.667,  xo  =  0.5,  j/o  =  =  0.0,  =  0  ,  and  pbrf  — 

0°. 
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FIG  11.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  0"  angle  of  incidence 
focused  beam  incident  upon  an  oblate  spheroid  of  axis  ratio  a/b  =  1.2.  On-edge  focal  point 
positioning,  a  =  15.0,  S  =  1.33  -b  O.OOi,  tco  =  0.667,  xq  =  1.0,  So  —  ^  —  0.0,  Ou  =  0®,  and  = 
0®. 


FIG  13.  1^34!  %'ersus  a  for  a  sphericaJ  particle  (f  =  0.00).  ri  =  1.334  +  1.2xl0~®i. 
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±0^02'*n  -^1  33T+*  particle  with  surface  deformations  of  c  =  0.00,  ±0.01,  and 


0.005 


0.000  -I - 1 - 1 - 1 - 1 - 1 

29.035  29.135  29.235  29.335  29.435  29.535 

ot 


FIG  15.  versus  a  for  spherical  particle  with  surface  deformations  of  e  =  0.00  and  ±0.05.  n  = 

1.334  +  1.2xl0-^i. 


A 

B 

c 

prolate)i.i 

1.405 

(+38%) 

0.919 

(-10%) 

1.029 

(+1%) 

prolate)i,2 

1.731 

(+70%) 

0.889 

(-13%) 

1.043 

(+2%) 

oblate)i.i 

0.981 

(-4%) 

1.098 

(+8%) 

1.280 

(+26%) 

oblate)i.2 

0.969 

(-5%) 

1.128 

(+11%) 

1.448 

(+42%) 

TABLE  1.  Maximum  normalized  source  function  \’alue  (and  %  difference  from  spherical  particle 
maximum  value)  for  equal  volume  prolate/oblate  spheroids  of  major  to  minor  axis  ratios  of  1.1 
and  1.2  and  of  orientations  A,  B,  and  C  for  plane  wave  incidence.  Parameters  are  for  a  COj  laser 
incident  upon  a  water  droplet,  —  8.0  and  n  =  1.179  +  0.072i. 
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€ 

Circumference  [Ae*i] 
at  a  =  29.285 

Ores 

Circumference  [Ae^t] 
at  Ores 

-0.02 

29.212 

29.355 

29.282 

-0.01 

29.248 

29.321 

29.284 

0.00 

29.285 

29.285 

29.285 

+0.01 

29.322 

29.248 

29.285 

+0.02 

29.358 

29.208 

29.281 

TABLE  2.  Circumference  (in  units  of  Aext)  for  spherical  particle  with  surface  deformation  at  the 
34th,  1st  order  magnetic  wave  resonance  for  e  =  0.00,  iO.Ol,  and  ±0.02.  n  =  1.334  +  1.2x  10“®i. 
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ABSTRACT 

-Applying  our  previously  derived  spherical  particle/arbitrary  beam  interaction  theory,  a  pro¬ 
cedure  has  been  developed  for  the  determination  of  the  electromagnetic  fields  for  a  beam  incident 
upon  two  adjacent  spherical  particles.  Example  calculations  of  internal  and  near  field  normalized 
source  function  (~  |E|')  distributions  are  presented.  .Also  presented  are  calculations  demonstrating 
the  effect  of  the  presence  and  the  positioning  of  a  second  adjacent  particle  on  far  field  scattering 
patterns  for  beam  illumination. 

I.  INTRODUCTION 

The  relative  random  motion  of  individual  particles  within  a  cloud  will  sporadically  bring  par¬ 
ticles  into  close  proximity  of  each  other.  .A  laser  beam  incident  upon  closely  spaced  particles  will 
result  in  cooperative  scattering  which  may  affect  subsequent  partide  sizing  measurements.  .An  un¬ 
derstanding  of  the  cooperative  scattering  of  adjacent  particles  illuminated  by  a  laser  beam  is  thus 
of  importance. 

The  theoretical  determination  of  the  electromagnetic  fields  for  a  linearly-polarized,  monochro¬ 
matic  plane  wave  incident  upon  adjacent  spherical  particles  has  been  previously  considered.^"®  Pre¬ 
sented  plane  wave  calculations  have  primarily  been  for  simplified  airrangements  where  the  spherical 
particles  are  of  equal  size  and/or  equal  complex  relative  index  of  refraction  and/or  limited  to  small 
size  parameter  and/or  located  along  a  major  incident  axis. 

Particle  sizing,  however,  is  often  performed  using  focused  laser  beams  where  the  local  beam 
diameter  and  the  particle  diameter  are  of  the  same  order  and  the  plane  wave  assumption  may  not  be 
appropriate.  Utilizing  our  spherical  particle/arbitrary  beam  interaction  theory,^  we  have  developed 
a  procedure  for  determining  the  electromagnetic  fields  for  a  fundamental  mode  (Gaussian-profile) 
laser  beam  incident  upon  two  adjacent  particles  of  arbitrary  arrangement.  (The  generalization  to 
three  or  more  adjacent  particles  would  be  straightforward).  The  two  particles  may  be  of  different 
size,  may  have  different  composition  (differing  complex  relative  index  of  refractions),  and  may  have 
any  spatial  orientation  relative  to  each  other  and  relative  to  the  incident  beam.  It  is  not  necessary 
that  there  be  a  single  incident  beam;  having  multiple  beams  coming  from  different  directions  would 
require  minimal  additioncd  computation. 

Presented  here  is  a  brief  description  of  the  theoretical  development  of  the  beam  on  two  adjacent 
spheres  theory  followed  by  example  internal  and  near  field  calculations  and  preliminary  calculations 
showing  the  effect  of  the  relative  positioning  of  the  t%vo  spheres  on  far  field  scattering  distributions. 

II.  THEORETICAL  DEVELOPMENT 

The  theoretical  approach,  in  the  most  general  sense,  is  similar  to  that  introduced  by  Fuller 
and  Kattawar.®  Since  our  previously  derived  spherical  particle/arbitrary  beam  interaction  theory 
permits  the  determination  of  the  electromagnetic  fields  of  a  particle  for  any  known  incident  field,  the 
procedure  is  as  follows.  The  spherical  particle/arbitrary  beam  interaction  theory  is  used  to  calculate 
the  external  electromagnetic  field  for  the  laser  beam  incident  upon  particle  1.  (The  electromagnetic 


field  components  of  the  laser  beam  are  mathematically  expressed  using  our  recently  developed  fifth- 
order  corrected  Gaussian  beam  description.®)  The  externzil  electromagnetic  field  of  particle  1  is  used 
as  the  incident  field  upon  particle  2  and  the  scattered  field  of  particle  2  is  determined.  The  scattered 
field  of  particle  2  is  added  to  the  incident  beam  to  form  an  updated  field  incident  upon  particle  1 
and  the  external  field  of  particle  1  is  recalculated.  The  newly  calculated  external  field  of  particle  1 
is  then  used  as  the  incident  field  upon  particle  2  and  the  scattered  field  of  particle  2  is  recalculated. 
The  process  is  continued  until  there  is  no  longer  a  significant  change  in  the  electromagnetic  fields. 
For  particles  spaced  one  diameter  or  more  apart  surface-to-surface,  convergence  typically  occurs 
within  three  to  five  of  these  multiple  “reflections.” 

The  parameters  of  the  laser  beam  incident  upon  two  adjacent  spheres  problem  are  the  dielectric 
constant  of  the  medium  (€«x<)i  waist  diameter  of  the  laser  beam  (wo),  the  size  parameters  (a 
=  2xa/A)  of  the  two  particles  (aj  and  az),  the  complex  relative  index  of  refractions  of  the  two 
particles  (nj  and  fi2)»  the  location  of  particle  1  relative  to  the  focal  point  of  the  laser  beam  (x*, 
Yo,  Zo),  the  location  of  particle  2  relative  to  particle  1  (xi2,  yi2)  Z12),  and  the  location  of  the  plot 
reference  relative  to  particle  1  (Xre/,  yre/,  Zre/)-  Spatial  quantities  are  normalized  using  the  radius 
of  particle  1  (aj).  (A  tilde  *  is  used  to  indicate  a  normalized  spatial  quantity.) 

III.  INTERNAL  AND  NEAR  FIELD  CALCULATIONS 

Example  calculations  of  internal  and  near  field  normalized  source  function  distributions  are 
shown  in  Figs.  1  and  2.  The  normalized  source  function,  S,  is  defined  as  \E\^ l\Eo\~  where  Eo  is  a 
characteristic  electric  field  amplitude  of  the  incident  beam.  {\Eo\^  is  directly  proportional  to  the 
laser  beam  power.)  In  Figs.  1  and  2  the  normalized  source  function  distributions  are  given  both 
graphically  and  in  false  contrast  visualization  (white  high,  gray  o  intermediate,  and  black 
low). 

Figure  1  presents  the  internal  and  near  field  normalized  source  function  distribution  in  the 
y-z  plane  for  a  linearly-polarized  (electric  field  polarization  in  the  x  axis  direction),  100  /xm  waist 
diameter  CO2  laser  beam  (A  =  10.6  ^m)  incident  upon  two  45  ^im  diameter  water  droplets  (fi  = 
1.179  -1-  0.072i)  separated  by  35  fim  surface-to-surface  along  the  propagation  axis.  These  conditions 
correspond  to  an  experiment  performed  within  our  laboratory  in  which  a  CO2  laser  beam  was 
directed  upon  two  parallel  streams  of  water  droplets  so  that  the  illuminated  droplet  would  act  as  a 
lens  to  focus  the  laser  light  upon  the  shadow  side  droplet.®  This  focusing  effect  is  apparent  in  Fig. 
1. 

Figure  2  provides  a  normalized  source  function  distribution  for  a  more  general  (hypothetical) 
case.  A  40  /xm  waist  diameter  CO2  Isiser  beam  is  incident  upon  a  50  /xm  diameter  methanol  droplet 
(fii  =  1.395  +  0.0163i)  and  a  30  ^m  water  droplet  (7x2  =  1.179  -t-  0.072i).  The  droplets  are  offset 
from  each  other  and  offset  from  the  propagation  axis  of  the  beam  in  the  y-z  plane.  The  effect  is  an 
interesting  splitting  of  the  beam  as  is  most  easily  seen  in  the  false  contrast  visualization. 

IV.  FAR  FIELD  CALCULATIONS 

Calculations  of  far  field  scattering  patterns  were  performed  for  parameters  corresponding  to 
a  hj-pothetical  arrangement  having  a  linearly-polarized,  fundamental  .\rgon-ion  (A  =  0.5145  fim) 
laser  beam  of  4  /xm  beam  waist  diameter  incident  upon  two  adjacent  1.8  /xm  diameter  water  droplets 
(ni  =  02  =  1.334  -1- 1.2  X  10~®t,'°ai  =02  =  11.0,  i&o  =  2.22).  The  beam  propagates  in  the  +z 
axis  direction  with  a  divergence  angle  of  »  10®  and  with  electric  field  polarization  in  the  x  axis 
direction.  For  the  cases  considered  here,  particle  1  is  fixed  in  position  at  the  focal  point  of  the  beam 
(xq  =  j/o  =  io  =  0)-  The  position  of  particle  2  was  then  systematically  varied  and  the  subsequent 
effect  on  the  far  field  scattering  pattern  studied.  The  arrangement  is  shown  schematically  in  Fig. 
3.  In  all  the  Figures  that  follow,  the  normalized  scattering  intensity,  defined  as 

Sr  =  lira  f* 

f-*oo 


X  ^*)r 


is  plotted  versus  angle  9  in  the  x-z  plane  (plane  parallel  to  the  electric  field  polarization.) 

Figure  4  presents  the  reference  case  of  a  single  particle  at  the  focal  point  of  the  beam  (particle 
2  far  removed  from  the  beam).  For  comparison,  Fig.  5  shows  the  calculated  far  field  scattering  for 
the  same  single  particle  condition  as  Fig.  4,  but  with  plane  wave  illumination  instead  of  focused 
beam  illumination.  Since  the  particle  is  located  at  the  focal  point  of  the  beam  and  the  particle 
diameter  (1.8  //m)  is  less  than  the  beam  waist  diameter  (4.0  /rm),  the  single  particle  scattering 
patterns  for  beam  (Fig.  4)  and  plane  wave  (Fig.  5)  illumination  are  similar. 

To  investigate  the  effect  of  a  second  adjacent  particle  on  the  far  field  scattering  pattern,  a  set 
of  calculations  were  performed  with  particle  2  placed  one  diameter  surface-to-surface  away  from 
particle  1  (fi2  =  4).  Figures  6-12  show  the  far  field  scattering  for  particle  2  positioned  at  angles 
of  0®  (on  the  -l-z  axis.  Fig.  6),  30®  (Fig.  7),  60®  (Fig.  8),  90®  (on  the  -fx  axis.  Fig.  9),  120®  (Fig. 
10),  150®  (Fig.  11),  and  180®  (on  the  -z  axis.  Fig.  12)  about  particle  1  in  the  x-z  plane  {yn  =  0). 
The  calculations  of  Figs.  6-12  required  three  iterations  before  convergence  within  a  fraction  of 
one  percent.  As  can  be  observed  by  comparing  with  the  single  particle  case  of  Fig.  4,  Figs.  6-12 
indicate  the  presence  of  the  second  particle  significantly  affects  the  fax  field  scattering  distribution. 
The  strongest  effect,  as  would  be  expected,  occurs  when  particle  2  is  located  w'ell  within  the  beam 
(Figs.  6,7  and  Figs.  11,12)  and  a  relatively  weaker  effect  occurs  when  particle  2  is  at  the  edge  of 
the  beam  (Figs.  8-10). 

Figure  9  shows  the  far  field  scattering  for  particle  2  located  on  the  -f-x  axis  one  diameter 
surface-to-surface  from  particle  1  (ii2  =  4,yi2  =  0,fi2  =  0).  At  this  location  particle  2  is  at 
the  edge  of  the  beam  (ii2  =  4.00  «  2wq  =  4.44)  and  the  fax  field  scattering  distribution  rouglily 
resembles  that  of  the  single  particle  case  of  Fig.  4.  If  particle  2  is  further  removed  from  the  beam 
along  the  x  axis,  then  the  far  field  scattering  distribution  approaches  that  of  a  single  particle  as 
seen  in  Fig.  13  (f  12  =  6),  Fig.  14  (112  =  12),  and  Fig.  15  (xi2  =  18). 

Figure  6  shows  the  far  field  scattering  for  particle  2  located  on  the  -i-z  axis  one  diameter 
surface-to-surface  from  particle  1  (zi2  =  0,yu  =  0,fi2  =  4).  The  oscillating  structure  in  the  far 
field  scattering  for  this  case  arises  due  to  interference  between  the  light  scattered  by  the  two  identical 
particles.  In  the  far  field,  the  difference  in  path  length  for  light  leaving  the  two  particles  is  |zi2COS^| 
and  interference  proportional  to  [1  -I-  cos(qzi2Cos0)]  might  be  expected.  From  this  expression, 
if  particle  2  is  moved  further  away  from  particle  1  along  the  z  axis  (zn  is  increased)  then  the 
frequency  of  the  oscillations  in  the  far  field  scattering  distribution  should  correspondingly  increase. 
In  addition,  since  the  beam  is  diverging  and  the  intensity  incident  upon  particle  2  decreases  as 
particle  2  is  moved  away  from  the  focal  point,  the  amplitude  of  the  interference  should  decrease 
with  increasing  Zi2.  As  particle  2  becomes  far  removed  from  particle  1,  and  from  the  focal  point 
of  the  beam,  the  scattering  distribution  should  converge  to  that  of  the  single  particle  (Fig.  4).  As 
seen  in  Fig.  16  (f^  =  10),  Fig.  17  (zi2  =  20),  Fig.  18  (zn  =  50),  and  Fig.  19  (zi2  =  100)  this  is 
indeed  observed.  Calculations  for  particle  2  moved  along  the  -z  axis  showed  near  identical  results. 

V.  CONCLUSIONS 

.A.  theoretical  approach  has  been  developed  for  the  determination  of  the  electromagnetic  fields 
for  a  beam  incident  upon  two  adjacent  spherical  particles  of  awbitrary  arrangement.  Example  cal¬ 
culations  of  internal  and  near  field  normalized  source  function  distributions  and  far  field  normalized 
scattering  intensities  have  been  presented.  Future  work  will  include  further  such  “computational 
experimentation”  and  efforts  to  obtain  direct  comparisons  between  theoretical  calculations  and 
corresponding  experimental  measurements. 
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FIG  2.  Normalized  source  function  in  the  equatorial  (y-z)  piano  for  a  transverse  (x  direction) 
electric  field  polarized  Gaussian  beam,  propagating  in  the  +z  axis  direction  (right-to-lcft),  incident 
upon  two  adjacent  spheres,  n,  =  1.395  +  0.0163»,ai  =  14.82, fij  =  1.179  +  0.072t,«2  =  8.89,  Wg  = 
0.8,fo  =  0.0, jio  =  1.0,zo  =  0.0,i,2  =  0.0, y,,  =  -l.0,z,2  =  3.0,x„/  =  0.0,i/rey  =  -0.5,5, 2  =  1.5 
[lO.C  /im  wavelength  (CO2  laser),  40  /im  waist  diameter  beam  incident  upon  adjacent  50  jim 
diameter  methanol  and  30  /im  diameter  water  droplets  o/Tset  in  the  y-z  plane.] 


FIG  3.  Arrangement  for  far  field  scattering  calculations.  Focused  fundamental,  linearly-polarized 
beam  incident  upon  two  adjacent  spherical  particles.  The  beam  propagates  in  the  +z  axis  direction 
with  electric  field  polarization  in  the  x  axis  direction.  Particle  1  is  &ed  in  position  at  the  focal 
point  of  the  beam  while  the  position  of  particle  2  is  varied.  An  Argon-ion  laser  beam  (A  =  0.5145 
/um)  with  a  4  fim  beam  waist  diameter  incident  upon  two  adjacent  1.8  /zm  diameter  water  droplets 
is  assumed,  fii  =  Sj  =  1.334 -f  1.2  X  10"®, Oi  =  02  =  11.0,  u-q  =  2.22, xq  =  yo  =  h  =■  0-0. 
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FIG  4.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2  far 
removed  from  the  beam.  (Single  particle  case.) 
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FIG  6.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  one  diameter  surface-to-surface  away  from  particle  1  at  an  angle  of  O'*  (on  the  -t-  z  axis). 
xj2  =  0.0,  yi2  =  0.0, 2ij  =  4.00  . 
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FIG  7.  Norm^zed  scattering  intensity  aa  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  one  diameter  surface-to-surface  aw-ay  from  particle  1  at  an  angle  of  SO",  in  =  2.00,  j/i-.  = 
U.U,  Zi2  —  3.46  . 
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FIG  8.  NormaLzed  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  one  diameter  surface-to-surface  away  from  particle  1  at  an  angle  of  60®  .  i i  j  =  3.46,  yn  = 
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Xi2  =  4.00.  Zi2  =  0-00 


FIG  9.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  one  diameter  surface-to-surface  away  from  particle  1  at  an  angle  of  90®  (on  the  -h  x 
axis).  xi2  =  4.00,  iii2  =  0.0,  fi2  =  0.00  . 


FIG  10.  NormaUzed  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2  posi¬ 
tioned  one  diameter  surface-to-surface  away  from  particle  1  at  an  angle  of  120®.  ii j  =  3.46,  yi2  = 
0.0,  Ii2  =  -2.00  . 
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FIG  11.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2  posi¬ 
tioned  one  diameter  surface-to-surface  away  from  particle  1  at  an  angle  of  150°  .  xi2  =  2.00,  yu  = 
0.0, xi2  =  —3.46  . 


FIG  12.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  one  diameter  surface-to-surface  away  from  particle  1  at  an  angle  of  180®  (on  the  -  x 
axis),  ii2  =  0.0, yi2  =  0.0,  zn  =  -4.00  . 


FIG  13.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  6  radii  along  the  +x  axis.  Xi2  =  6.00, 3/12  =  0.0,  zn  =  0.0  . 


FIG  14.  Normalized  scattering  Intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  12  radii  along  the  -|-x  axis.  X12  =  12.0,  yn  =  0.0,  fi2  =  0.0  . 
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FIG  15.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  18  radii  along  the  +x  axis,  xu  =  18.0,  yij  =  0.0,  fn  =  0.0  . 
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FIG  16.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  10  radii  along  the  +z  axis,  iij  =  0.0,j/j2  =  0.0,  zu  =  10.0  . 
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FIG  17.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  20  radii  dong  the  +z  axis,  =  O.O.j/ij  =  0.0,  fi2  =  20.0  . 
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FIG  18.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  50  radii  along  the  +z  axis.  £12  =  0.0,  yu  =  0.0,  ru  =  50.0  . 
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FIG  19.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  100  radii  along  the  +z  axis,  =  0.0,  yi2  =  0.0,  ri2  =  100.0  . 
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Abstract 

A  theoretical  model  is  presented  for  the  formation  of  spherical  particle  images  in  a  laser-based 
imaging  system.  The  model  uses  Lorenz-Mie  theory  in  obtaining  the  electromagnetic  fields  at  the 
imaging  lens  surface,  the  thin  lens  expression  to  propagate  the  field  through  the  lens,  and  the 
Fresnel  propagation  equat'on  to  calculate  the  intensity  distribution  in  the  image  plane.  Compar¬ 
isons  between  the  theoretical  calculations  and  experimental  images  are  made  for  transparent  water 
droplets  at  various  degrees  of  particle  defocus. 

I.  Introduction 

The  problem  of  predicting  particle  images  in  a  coherent  imaging  system  has  been  addressed  in 
several  research  papers  during  recent  years.  [1,2,3]  The  imaging  problem  is  particularly  important 
in  the  area  of  aerosol  sizing  since  one  of  the  most  common  instruments  used  in  aerosol  studies  utilizes 
a  laser-based  imagng  system  for  analysis.  One  of  the  major  problems  in  using  imaging  systems  for 
particle  size  analysis  on  real  sprays  is  the  development  of  rdiable  focus  criteria  for  distinguishing 
in-focus  from  out-of-focus  aerosol  particles.  Although  empirical  methods  have  been  developed,  it 
would  be  useful  to  have  an  accurate  theoretical  model  to  investigate  the  effects  of  particle  defocus 
on  various  measurable  parameters  such  as  average  gray  level  of  the  particle  and  boundary  edge 
gradient.  In  this  paper,  results  of  the  theoretical  modeling  of  the  laser/aerosol  interaction  and 
the  subsequent  propagation  of  the  electromagnetic  field  through  the  imaging  system  is  presented. 
Comparisons  are  made  between  experiment  and  theory  for  defocused  water  droplets  generated  with 
a  monodisperse  aerosol  generator. 

II.  Problem  Description 

The  geometry  for  the  single  lens  imaging  system  under  consideration  is  shown  schematically  in 
Fig.  1.  The  aerosol  particle  of  radius  a,  located  at  the  intersection  of  plane  zo  and  the  imaging 
system  axis,  is  assumed  to  be  perfectly  spherical,  nonmagnetic,  homogeneous,  isotropic,  and  finite 
absorbing.  The  external  medium  is  also  assumed  to  be  homogeneous,  isotropic,  and  nonmagnetic 
in  addition  to  being  optically  nonabsorbing.  The  particle  is  assumed  to  be  illuminated  by  a 
monochromatic,  linearly  polarized  laser  beam  propagating  in  the  +z  direction  with  the  electric 
field  polarization  in  the  x  direction.  Note  that  the  incident  laser  propagation  axis  and  the  imaging 
system  axis  are  coincident  as  shown  in  the  figure.  In  general,  this  will  not  be  a  necessary  restriction 
on  the  theoretical  model.  However,  due  to  the  loss  of  symmetry  in  the  electromagnetic  field 
expressions  for  the  off-axis  case,  the  numerical  evaluation  of  the  resulting  equations  would  be  more 
time  consuming.  The  receiving  optics  of  the  imaging  system  consists  of  a  single  lens  with  focal 
length  f  and  diameter  =  2rj.  Although  in  this  particular  case  a  plano-convex  lens  is  shown,  the 
modeling  technique  could  be  used  for  other  lens  geometries  provided  symmetry  exists  about  the  z 
axis.  An  aperture  of  diameter  =  2ra,  located  at  plane  Zi,  acts  to  limit  the  effective  diameter  of 
the  lens.  A  video  camera  serves  as  the  recording  medium  and  is  located  at  the  image  plane  (zs)  of 
the  system  which  is  located  approximately  1  meter  from  the  lens. 


Fig.  1.  Schematic  of  Imaging  System  Geometry 


III.  Scalar  Model 

In  a  scalar  approach  to  modeling  the  laser/aerosol  imaging  problem,  only  the  scalar  amplitude  of 
one  transverse  component  of  the  electric  or  magnetic  field  is  considered.  This  neglects  the  fact  that 
the  electric  and  magnetic  field  components  are  coupled  through  Maxwell’s  equations  and  cannot 
be  treated  independently.  In  many  cases,  however,  the  scalar  approach  has  provided  satisfactory 
results  and  only  through  direct  comparison  to  experimental  observation  can  one  determine  if  the 
scalar  theory  is  applicable  for  a  specific  situation. 

Figure  1  shows  a  schematic  of  the  imaging  system  under  consideration.  The  incident  illuminat¬ 
ing  radiation  is  generated  from  a  pulsed  nitrogen  laser  (A  =  337  nm)  and  is  modeled  as  a  plane  wave 
propagating  in  the  +z  direction  with  electric  field  polarization  in  the  x  direction.  The  theoretical 
development  for  illumination  by  any  arbitrary  electromagnetic  field  [4]  would  proceed  in  a  similar 
manner  although  the  numerical  evaluation  of  the  resulting  expressions  becomes  more  involved.  In 
.the  following  discussion  the  x-component  of  the  electric  field  external  to  the  sphere  is  denoted  by 
where  the  subscript  refers  to  the  electric  field  evaluated  at  plane  z^.  The  choice  of  the  x 
component  of  the  electric  field  as  the  dominant  electric  field  component  was  based  on  direct  com¬ 
putation  of  the  external  field  and  is  physically  reasonable  since  the  incident  radiation  is  polarized 
predominantly  in  the  x  direction.  The  external  electric  field  at  plane  Z\  can  be  calculated  based 
on  the  exact  solution  provided  by  Lorenz-Mie  theory.  [5,6]  A  more  recent  derivation  of  the  elec¬ 
tromagnetic  field  equations  can  be  found  in  Born  and  Wolf.  [7]  The  equations  for  the  Lorenz-Mie 
external  field  components  used  in  the  theoretical  development  are  outlined  in  Appendix  A. 

The  imaging  lens  used  in  the  system  is  assumed  a  pure  dielectric  and  to  possess  symmetry 
about  the  imaging  system  axis.  From  a  geometrical  optics  point  of  view,  the  phase  transformation, 
r,  introduced  by  the  lens  can  be  expressed  in  the  general  form, 

r(r,<?i)  =  .4(r,^)e’*'"  (1) 

where  A  is  the  amplitude  factor  accounting  for  the  reflection  losses  at  the  interface,  n  is  the  index 
of  refraction  of  the  lens,  /  is  the  path  length  of  a  given  light  ray  through  the  lens,  and  fc=2jr/A. 


In  general,  the  amplitude  factor  is  a  function  of  the  azimuthal  angle  since  the  Fresnel  coelhcieiits, 
which  govern  the  reflection  losses,  are  different  for  parallel  and  perpendicular  polarizations. 

To  calculate  the  intensities  in  the  image  plane,  an  expression  is  needed  to  account  for  the 
propagation  of  the  electric  field  from  the  lens  back  (zj)  to  the  image  plane  (rs).  The  general  form 
for  the  scalar  propagation  is  given  by  the  Huygens-Fresnel  equation,  [8] 

■£’3(f3,d>3)  =  ■4'  /  /  -^cos(n,f23)d.4,  (2) 

lA  J  Ja  ^23 


where  h  is  the  unit  normal  to  the  back  lens  surface  (plane  22)  and  r23  represents  the  distance 
between  respective  points  in  plane  Z2  and  23.  Although  this  expression  gives  good  results  in  many 
applications,  the  difficulty  in  obtaining  any  analytical  simplifications  limits  its  usefulness.  For 
situations,  such  as  those  under  consideration,  in  which  the  distance  between  the  source  (in  this 
case  the  field  at  plane  ^2)  and  the  image  plane  is  large,  certain  simplifications  can  be  utilized. 


When  the  inequality 


(-'3“"2)»ix 


(x3  '  ^2)^  +  (y3  -  yz)* 


(3) 


holds,  the  Fresnel  appro.ximations  can  be  used  in  which  several  simplifying  approximations  axe 
implemented.  [S]  First,  in  the  amplitude  term  can  be  replaced  by  the  perpendicular  distance, 
(-3  ~  X2).  Second,  since  the  angle  between  the  normal  to  the  lens  back  (n)  and  the  unit  vector 
(f23)  is  always  small,  the  obliquity  factor  can  be  approximated  by  unity.  The  final  simplification  is 
in  the  phase  term  in  which  r23  is  approximated  by  the  first  two  terms  in  the  binomial  expansion. 


-2)^  +  (2-3  -  2:2)^  +  (2/3  -  yz)^  «  (23  -  22) 


Using  these  simplifications,  the  external  electric  field  at  the  image  plane  can  be  e.xpressed  in  terms 
of  the  external  electric  field  at  the  rear  lens  surface  by  the  integral. 


IT  _  exp[ik(z3  -  Z2)] 
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where  the  subscript  on  E  denotes  the  x-component  of  the  external  electric  field  evaluated  at  a 
given  z=constant  plane.  In  the  situation  under  consideration,  the  inequality  in  Eq.  (3)  holds  by 
roughly  one  order  of  magnitude.  As  a  further  check  on  the  validity  of  the  Fresnel  approximations, 
calculations  were  performed  using  both  the  Huygens-Fresnel  equation  (Eq.  (2))  and  the  Fresnel 
propagation  equation  (Eq.  (5))  for  a  plane  wave  illuminating  the  imaging  lens.  Results  showed 
excellent  agreement  between  the  two  expression.  Due  to  the  analytical  simplifications  possible  using 
the  Fresnel  approximation,  it  will  be  the  expression  used  in  the  following  scalar  model.  Measuring 
d  with  respect  to  the  -fx  axis,  Eq,  (5)  can  be  rewritten  in  terms  of  r-<^>  coordinates  (i.e.,  x  m  “ 
cosd'm  and  y„  =  r^  sinci^  for  plane  z^)  giving. 


£’3(r3,d)3)  = 
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Using  the  expression  given  in  Eq.  (1),  simplifying  the  term  in  [  ]  in  Eq.  (6),  and  noting  that  d>i  = 
<*>2,  Eq.  (6)  can  be  simplified  yielding. 
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X  /  T{ri,<f>i)Ei{pio,0,<in)exp  -  -  ^>3)  d<f>idri,  (7) 

Jo  -  Z2) 


where  the  integration  is  over  the  area  bounded  by  the  aperture.  At  this  point  we  have  assumed 
the  field  in  the  aperture  can  be  approximated  by  the  external  field  which  exists  at  the  aperture. 
Note  that,  in  general,  r2  is  expressed  as  function  of  rj  due  to  the  refraction  of  light  through  the 
optically  denser  lens.  As  stated  earlier,  the  phi  dependence  in  the  phase  transformation  given 
in  Eq.  (1)  results  from  the  polarization  dependence  of  the  Fresnel  coefficients.  These  differences 
between  reflection  coefficients  for  parallel  and  perpendicular  polarization  are  most  pronounced  at 
large  incident  angles.  For  the  cases  under  consideration,  however,  most  rays  incident  on  the  front 
lens  surface  are  nearly  parallel  to  the  lens  axis  and  all  reflections  are  nearly  normal.  Under  such 
conditions,  the  phi  dependence  in  the  reflected  light  intensity  is  extremely  weak.  In  addition,  the 
absolute  values  of  the  intensities  in  the  image  plane  are  of  secondary  importance  to  the  relative 
intensities.  Based  on  these  facts,  the  amplitude  factor,  .4,  in  Eq.  (1)  will  be  assumed  independent 
of  phi  and  will  be  neglected  in  the  following  development.  For  this  case,  the  phase  transformation 
can  be  considered  independent  of  phi  and  Eq.  (7)  can  be  rewritten  as. 
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To  account  for  the  plii  dependence  in  the  electric  field  expression,  it  is  first  necessary  to  expand  the 
x-component  of  the  external  electric  field  in  terms  of  spherical  components  of  the  separate  incident 
and  scattered  fields, 
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Here  the  superscripts  denote  the  incident  and  scattered  fields  while  the  subscripts  denote  the  r.  fl, 
and  d)  components  of  the  field  in  plane  rj.  Using  the  expressions  for  the  field  components  given  by 
Lorenz-Mie  theory  (see  .Appendix  .4),  Eq.  (9)  can  be  written  as. 
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Note  that  Eq.  (10)  is  expressed  in  terms  of  dimensionless  variables  (denoted  by  tilde).  .411  spatial 
variable  have  been  normalized  by  the  radius  of  the  particle,  a.  Factoring  out  the  phi  dependence, 
Eq.  (10)  can  be  expressed  in  the  form, 
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Substituting  Eq.  (11)  into  Eq.  (8), 
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The  phi  integrals  in  Eq.  (15)  can  be  evaluated  exactly  using  the  relationships, 
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In  this  expression,  Jq  and  J2  are  integer  order  Bessel  functions  of  the  first  kind  and, 
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where  the  asterisk  denotes  the  complex  conjugate.  Equation  (20)  can  be  rewritten  in  terms  of 
dimensionless  variables  to  give, 
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where  r  and  s  are  normalized  by  the  particle  radius  and 

a = (22) 
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To  generate  computational  results,  it  is  necessary  to  determine  the  specific  form  of  the  phase 
transformation,  T.  Probably  the  most  straightforward  approach  would  be  to  utilize  the  thin  lens 
transformation  as  presented  by  Goodman  [S]  where. 
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where  Aq  is  the  lens  thickness  and  /  is  the  focal  length.  The  phase  transformation  is  composed 
of  a  constant  phase  delay  dependent  on  the  lens  thickness  and  a  variable  phase  delay  which  is  a 
function  of  the  radial  distance  from  the  axis  of  the  lens.  In  this  expression,  the  lens  thickness  and 
likewise  any  refraction  through  the  lens  is  neglected  thus  making  r2(ri)  =  rj.  Substituting  the 
nondimensional  form  of  the  phase  transformation  given  by  Eq.  (23)  into  Eq.  (21)  will  give  the 
result, 
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IV.  Computations  and  Experimental  Comparison 

To  generate  numerical  results,  the  expressions  given  in  Eqs.  (12-14,  24,  25)  were  implemented 
into  a  Fortran  computer  code.  Initial  calculations  for  the  case  of  a  perfectly  transparent  droplet 
showed  a  significant  amount  of  structure  in  the  calculated  image  intensity.  In  particular,  the  field 
far  from  the  particle  edge  showed  evidence  of  periodic  oscillations.  This  effect  can  also  be  seen  in 
the  calculation  presented  by  Thompson  and  M^yak.  [1]  These  oscillations  were  not  consistent  with 
experimental  observation  in  which  a  uniform  background  was  observed  for  plane  wave  illumination 
of  the  aperture  (i.e.,  no  particle  in  the  imaging  system).  It  was  found  that  these  oscillations  could 


be  minimized  by  introducing  a  gradual  decrease  in  the  electric  field  distribution  in  the  form  of  a 
cosine  taper  over  the  outer  2  percent  of  the  aperture.  As  a  check  on  the  \-alidity  of  the  numerical 
calculations,  results  were  generated  for  small  apertures  (i.e.,  20-100  pm)  with  /  — ►  oo  and  n  =  1.0 
-b  O.Oi.  Under  these  conditions,  the  calculations  were  in  agreement  with  the  results  e.xpected  from 
diffraction  theory  for  a  circular  aperture. 

To  perform  the  e.xperimental  comparisons,  a  laser-imaging  system  was  configured  as  shown  in 
Fig.  2.  The  illumination  source  was  a  Laser  Energy  Inc.  pulsed  nitrogen  laser  with  a  10  ns  pulse 
width.  The  image  of  the  particles  were  projected  to  a  Cohu  2006  video  camera  system,  using  a 
50  mm  focal  length  plano-convex  lens.  The  video  signal  was  then  sent  to  a  Panasonic  TQ-3031F 
optica]  disk  recorder  where  it  was  recorded  so  that  later  analysis  could  be  performed.  The  recorded 
images  were  later  digitized  using  a  host  microcomputer  (Gateway  2000,  33  MHz-3S6)  equipped  with 
a  Data  Translation  2861  frame  grabber  and  2858  frame  processor.  .4verages  of  10  separate  images 
were  used  to  generate  the  experimental  data.  The  monodisperse  water  droplets  were  generated 
using  an  .A.erometrics  Inc.  vibrating  orifice  generator. 


Fig.  2.  Experimental  Setup 


Figures  3-6  show  plots  of  the  experimental  data  and  theoretical  calculations  for  57  pm  diameter 
water  droplets  with  complex  refractive  index,  [9]  »i  =  1.345  +  8.7  x  10“®i.  Figures  3  and  4  show- 
results  for  the  water  droplets  defocused  44  and  73  diameters  in  a  direction  toward  the  lens.  The 
aperture  size  for  these  cases  was  4  mm.  Figures  5  and  6  show  the  same  size  water  droplets  moved 
17  and  22  diameters  away  from  the  lens,  with  a  corresponding  aperture  size  of  7  mm. 

In  general,  the  theoretical  results  were  in  reasonably  good  agreement  with  the  experimental 
data.  Most  major  features  such  as  the  boundary  gradient,  the  first  internal  minimum,  and  the 
first  external  maximum  show  good  agreement.  The  major  discrepancy  between  the  two  lies  in  the 
absence  of  the  high  frequency  effects  which  are  predicted  by  theory.  Since  the  theoretical  model 
imposes  several  assumptions,  it  is  unclear  whether  the  discrepancy  lies  in  the  theoretical  calcula¬ 
tions  or  in  the  experimental  data.  There  are  several  possible  reasons  why  these  high  frequency 
effects  would  not  be  clearly  observed  in  the  experimental  data.  First,  the  motion  of  the  droplets 
through  the  test  region  will  tend  to  smear  fine  detail  in  the  image.  The  imaging  system  also  has 
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droplets  with  complex  refractive  index  of  n  =  1.345  +  8.7  x  10~®i.  The  droplets  are  located 
44  diameters  out-of-focus  toward  the  lens  with  an  aperture  size  of  4  mm. 


r/a 

Fig.  4.  Calculated  (solid  line)  and  experimental  results  (open  circles)  for  a  57  fiia  diameter  water 
droplets  with  complex  refractive  index  of  n  =  1.345  -h  8.7  X  10~®i.  The  droplets  are  located 
73  diameters  out-of-focus  toward  the  lens  with  an  aperture  size  of  4  mm. 
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limitations  due  to  camera  nonlinearities  and  the  finite  resolution  of  the  system  which  in  this  case  is 
approximately  1  /rm  per  pixel.  The  theoretical  idealizations  of  plane  wave  illumination,  thin  lens 
optics,  and  perfectly  spherical  shaped  particles  will  also  introduce  errors  in  the  results. 

y.  Conclusions 

A  theoretical  model  based  on  scalar  theory  has  been  presented  which  allows  calculation  of  the 
images  produced  by  spherical  aerosol  particles  in  a  coherent  imaging  system.  The  theory  is  valid 
for  either  transparent  or  absorbing  particles  and  has  no  restrictions  on  the  allowable  degree  or 
direction  of  particle  defocus.  Comparison  to  experimental  data  has  shown  agreement  in  the  main 
observable  features,  but  the  two  differ  in  that  the  theoretical  calculations  show  more  high  frequency 
structure.  The  source  of  these  discrepancies  is  currently  being  investigated. 

VI.  Future  Work 

Research  is  currently  being  conducted  on  modifying  the  scalar  model  by  using  a  geometrical 
optics  approach  to  the  treatment  of  the  electromagnetic  field  propagation  through  the  lens.  In 
addition,  efforts  are  underway  to  examine  the  modeling  of  the  system  for  the  case  of  off-axis 
imaging.  Such  an  approach  would  utilize  an  exact  vector  model  to  calculate  both  the  free-space 
propagation  and  the  propagation  of  the  electromagnetic  field  through  the  imaging  optics.  The 
results  of  the  theoretical  model  will  ultimately  be  used  to  examine  the  validity  of  existing  focus 
criteria  such  as  measured  average  gray  level  and  boundary  edge  gradient  which  are  used  in  the 
sizing  of  dynamic  aerosol  sprays. 

VTI.  Appendix  A:  External  Lorenz-Mie  Equations 

■Assumptions: 

1.  Stationary,  homogeneous,  isotropic,  absorbing  sphere  of  radius  a  in  a  homogeneous,  isotropic, 
nonabsorbing  medium. 

2.  Both  the  particle  and  the  medium  are  nonmagnetic  (p  =  l). 

3.  Particle  is  illuminated  by  a  plane,  monochromatic  electromagnetic  wave  of  unit  amplitude 
linearly  polarized  in  the  x  direction,  propagating  in  the  +z  direction. 

4.  -All  time  dependent  quantities  are  assumed  to  vary  as  exp(  — fu-'t). 
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The  external  scattering  coefficients  a/  and  b/  are  given  by 
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where  i'l,  and  =  i'l  —  ixi  are  the  Riccati-Bessel  functions,  which  are  related  to  the  Bessel 

functions  of  half-integer  order,  is  the  associated  Legendre  function  of  order  1,  ft  is  the  complex 
refractive  index  of  the  sphere,  a  =  'l-ajX  is  the  size  parameter,  and  p  =  p/a  is  the  normalized  radial 
coordinate.  Primed  quantities  denote  differentiation  with  respect  to  the  argument  of  the  function. 
Note  that  all  electric  field  quantities  are  normalized  based  on  an  assumed  uniform  incident  electric 
field  of  unit  magnitude. 

The  technique  used  to  compute  the  Riccati-Bessel  functions  is  described  in  detail  by  Ross. 
[10]  Computation  of  the  associated  Legendre  function  is  accomplished  by  using  standard  recursion 
formulas  such  as  those  presented  by  .A.bramowitz  and  Stegun.  [11] 
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External  Field 

In  terms  of  cartesian  coordinates, 
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of  the  interaction  of  the  solid  and  liquid  aerosol  particles  were  provided  to  Dr.  John  White  of 
CRDEC  for  presentations.  Images  taken  at  4  nsec,  12  nsec,  and  28  nsec  showed  the  importance  of 
being  able  to  vary  the  time  after  the  initiating  pulse  arrives  for  recording  images.  Liquid  particles 
showed  signs  of  explosive  behavior  at  4  ns  but  solid  particles  did  not.  Shock  formation  was  observed 
with  velocities  greater  than  10,000  m/sec.  Future  work  will  be  to  compare  these  air  interactions 
with  interactions  in  a  vacuum. 

In  addition,  we  were  able  to  make  considerable  progress  in  the  tr.coretical  calculations  of  an 
aerosol  particle  placed  in  an  arbitrary  beam  profile.  We  have  interacted  with  Dr.  Richard  Chang  at 
Yale  and  run  the  case  of  resonance  and  non  resc ranee  for  a  particle  located  at  various  locations  in  a 
Gaussian  beam.  Our  theoretical  results  are  able  to  predict  the  experimental  results  of  Dr.  Chang's 
where  the  lifetimes  and  intensity  of  stimulated  Raman  scattering  wcis  shown  to  be  enhanced  when 
the  particle  was  in  the  edge  of  the  Gaussian  beam.  Our  theoretical  calculations  also  show  a  very 
intense  ring  forming  around  the  edge  of  the  particle  when  the  focal  point  is  moved  to  the  edge  of 
the  particle.  The  magnitude  of  the  intensity  also  increases  w'hen  the  focal  point  is  moved  to  the 
outer  edge  of  the  particle. 
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BRIEF  OUTLINE  OF  RESEARCH  FINDINGS 


During  this  funding  period  results  have  been  obtained  for  the  interaction  of  excimer  laser 
radiation  at  A  =  0.248/im  with  solid  and  liquid  aerosol  particles.  Solid  particles  of  AI2O3,  \V, 
SiC,  Glass  spheres,  A1  Spheres,  ground  fused  silica  (Suprasil),  and  styrene  divinylbenzene  have 
been  imaged  at  50  nsec  intervals  after  interacting  at  10*'  watts/cm^  at  A  =  0.248  nm.  Figure  1 
illustrates  the  dynamics  of  the  explosion  process  for  A1  spheres  and  the  double  pulse  technique 
used  to  obtain  the  velocities  shown  in  Table  1.  Since  the  index  of  refraction  for  A1  is  0.19  +  2.942  i, 
the  amount  of  material  ejected  from  the  shadow  side  was  not  expected.  However,  this  general 
trend  was  also  observed  for  the  other  solid  materials  except  ground  fused  silica  which  in  its  bulk 
form  is  very  transparent  at  A  =  0.248.  The  fused  silica  seemed  to  explode  in  a  symmetric  fashion 
and  spread  glass  fragments  uniformly  inside  the  vacuum  chamber.  A  streak  camera  was  used  to 
observe  the  emission  lifetimes  of  plasma  plumes  at  various  pressures.  Figure  2  shows  the  behavior 
of  the  emission  lifetimes  as  the  pressure  is  reduced  for  A1  and  absorbing  glass  spheres. 

Theoretical  efforts  during  this  funding  period  included  the  development  of  a  theoretical  analysis 
of  the  laser  heating  of  liquid  droplets  moving  through  a  focused  laser  beam.  The  arbitrary  inci¬ 
dent  beam/spherical  particle  electromagnetic  interaction  theory  was  used  to  determine  the  spatial 
distribution  of  heating  within  the  droplet  for  each  position  as  the  droplet  falls  through  the  profile 
of  the  focused  laser  beam.  Calculations  were  performed  corresponding  with  the  vibrating  orifice 
droplet  generator/CW  CO2  laser  conditions  of  our  laboratory  and  prediction  of  explosive  vaporiza¬ 
tion  threshold  power  as  a  function  of  droplet  size  were  in  qualitative  agreement  with  experimental 
observation  for  both  water  and  methanol  droplets. 

Results  of  this  work  were  presented  at  the  1988  CRDEC  Conference  on  Obscuration  and  Aerosol 
Science  held  in  June  1988.  The  current  work  has  been  discussed  with  Dr.  Richard  Chang  at 
Yale,  Dr.  John  White,  Ivy  Sindoni,  and  Jay  Embury  at  CRDEC,  and  Sherwin  Aminmoto  at  the 
Aerospace  Corporation. 


Table  1:  Typical  velocities  found  by  dual  pulse  imaging. 


Material 

Power 

(W/cm^) 

Pressure 

(Torr) 

Velocity  (m/s)  | 

Bulk 

Plume 

Glass  Spheres 
(5-50  microns) 

10“ 

10-=* 

NA 

440 

460 

690 

760 

2000 

Glass  Spheres 
(5-50  microns) 

10“ 

760 

■1 

A1  Spheres 
(20  microns) 

10“ 

10-“^ 

NA 

450 

460 

1300 

1700 

1800 

Time  (ns) 
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BRIEF  OUTLINE  OF  RESEARCH  FINDINGS 


During  this  funding  period  we  concentrated  our  experimental  research  efforts  on  explaining 
the  time  dependent  dual  peak  scattering  of  A  =  248  nm  excimer  laser  radiation  from  liquid  aerosol 
particles.  This  work  has  been  submitted  in  a  paper  entitled  “Scattering  of  Incident  KrF  Laser 
Radiation  Resulting  from  the  Laser  Induced  Breakdown  of  H2O  Droplets’"  to  Optics  Letters.  A 
copy  of  the  manuscript  has  been  attached.  Work  was  also  performed  on  the  threshold  for  ionization 
for  various  materials  as  a  function  of  surrounding  pressure.  Figure  1  shows  the  results  of  this  work. 
Results  were  shared  with  Dr.  Jay  Embury  at  CRDEC. 

Work  was  also  started  on  trying  to  explain  why  material  is  being  ejected  off  the  shadow  surface 
of  solid  materials  interacting  with  A  =  248  nm.  Mie  calculations  indicate  that  for  metals  the 
absorption  should  be  entirely  on  the  illuminated  face.  We  have  also  observed  that  if  clumps  of 
materials  are  hit.  the  only  particles  showing  the  explosion  off  the  shadow  surface  are  the  ones  at 
the  very  back  at  the  particle  air/vacuum  interface.  In  order  to  better  understand  this  phenomena, 
we  have  started  to  use  thin  wires  in  the  experiments. 

Theoretical  efforts  during  this  funding  period  include  the  application  of  our  spherical  parti¬ 
cle/arbitrary  beam  interaction  theory  to  explore  the  effect  of  beam  focal  point  positioning  on  the 
excitation  of  structural  resonances  within  a  spherical  particle.  A  paper  describing  this  work,  enti¬ 
tled  "Internal  Fields  of  a  Spherical  Particle  Illuminated  by  a  Tightly-Focused  Laser  Beam:  Focal 
Point  Positioning  Effects  at  Resonance,’"  was  submitted  to  the  Journal  of  Applied  Physics  and  has 
been  accepted  for  publication  (April  15,  1989).  .A  copy  of  this  paper  is  attached. 

Existing  spherical  particle/arbitrary  beam  computer  programs  were  successfully  modified  to 
allow  calculations  for  large  Im(hQ).  This  modification  was  necessary  in  order  to  perform  cal¬ 
culations  corresponding  with  our  experimental  excimer  laser/metal  particle  interaction  studies. 
Example  calculations  are  shown  in  Fig.  2. 

Series  expressions  for  the  net  force  and  torque  electromagnetically-induced  within  a  spherical 
particle  during  laser  beam  interaction  were  derived.  In  addition,  calculations  have  been  performed 
showing  the  spatial  distribution  of  these  forces  within  and  on  the  surface  of  the  spherical  particle. 
These  results  are  being  assembled  into  paper  form  and  will  be  submitted  for  publication. 

A  set  of  slides  demonstrating  the  effect  of  beam  focal  point  positioning  on  droplet  heating  were 
sent,  as  requested,  to  Dr.  Ed  Steubing. 

Interactions  with  other  scientists  during  this  report  period  include  Dr.  Ed  Steubing,  Dr.  Jay 
Embury,  Dr.  Ivy  Sindoni,  Dr.  Walter  Flood,  and  Dr.  Shirish  Chitanvis.  Applications  of  our  work 
were  submitted  under  separate  submission  to  Dr.  Flood. 
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AVERAGE  THRESHOLD  FOR  VISIBLE  PLASMA  EMISSION 
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Figure  1.  Threshold  values  for  plasma  emission 
for  various  surrounding  pressures. 
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FUNCTION:  3.36 


Fig.  2  False  color  visualization  of  internal  and  near-surface  source  function  distribution  for  an 
aluminum  sphere  with  plane  wave  illumination  at  A  =  248  nm.  Note:  for  30  /xm  diameter,  na  = 


72.2  -b  1118i. 
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BRIEF  OUTLINE  OF  RESEARCH  FINDINGS 


Experimental  research  was  conducted  on  the  interaction  of  excimer  laser  radiation  at  A  = 
248  nm  with  H2O  droplets  and  results  published  in  Optics  Letters  (copy  attached).  Additional 
work  has  recently  shown  that  the  interactions  are  nonlinear  and  are  irradiance  dependent.  Results 
indicated,  that  as  the  irradiance  increased,  a  smaller  amount  of  energy  was  being  deposited  in  the 
illuminated  surface  which  cannot  be  explained  by  standard  Mie  scattering  codes.  An  explanation 
for  this  nonlinear  behavior  is  attributed  to  the  shattering  of  the  shadow  surface  which  is  required 
to  scatter  and  focus  the  energy  back  to  a  hot  spot  near  the  illuminated  surface.  These  results  were 
presented  at  the  CRD  EC  Conference  and  are  being  assembled  into  a  paper  and  will  be  submitted 
for  publication. 

The  excimer  laser  interaction  work  with  solid  wires  has  shown  that  what  appeared  to  be  material 
being  ejected  from  the  shadow  surface,  reported  in  earlier  work,  is  actually  material  being  blown 
around  the  sides  of  the  wire.  Collection  of  some  of  this  material  indicates  that  it  is  in  a  condensed 
state.  Results  were  presented  at  a  CRDEC  meeting  and  are  being  assembled  into  a  paper  and  will 
be  submitted  for  publication. 

Experimental  work  o'l  the  temperature  dependence  of  rhodamine  B  dye  in  water  solutions  was 
performed.  Experimental  calibration  results  are  shown  in  Figure  1.  This  work  shows  that  those 
researchers  using  fluorescence  imaging  must  take  this  into  account  when  drawing  conclusions  about 
liquid  and  vapor  areas  in  droplet  explosion  studies.  Our  goal  is  to  use  this  method  to  measure 
temperatures  in  laser  heated  droplets  as  well.  A  paper  entitled  “Interactions  of  Intense  Ultraviolet 
Laser  Radiation  with  Solid  Aerosols’’  is  ready  for  submission  to  the  Journal  of  Applied  Physics. 

Theoretical  efforts  during  this  funding  period  included  further  applications  of  our  spherical 
particle /arbitrary  beam  interaction  theory.  An  investigation  of  the  net  radiation  force  and  torque 
induced  by  a  tightly  focused  laser  beam  incident  upon  a  spherical  particle  was  concluded  and  results 
submitted  as  a  paper  to  the  Journal  of  Applied  Physics.  This  paper,  “Theoretical  Determination 
of  Net  Radiation  Force  and  Torque  for  a  Spherical  Particle  Illuminated  by  a  Focused  Laser  Beam,” 
has  been  accepted  for  publication  and  a  copy  is  attached. 

.4  theoretical  analysis  of  the  distribution  of  radiation  force  within  and  upon  the  surface  of  a 
spherical  droplet  has  also  been  conducted  and  results  were  reported  at  the  1989  CRDEC  Confer¬ 
ence.  As  an  example.  Fig.  2  shows  the  surface  force  distribution  for  an  off  propagation  axis  5 
pm  diameter  water  droplet  illuminated  by  a  tightly  focused  (2  w®  =  2  pm)  argon-ion  laser  beam 
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for  an  electric  wave  resonance  condition.  This  work  is  being  assembled  into  a  paper  that  will  be 
submitted  to  the  Journal  of  Applied  Physics. 

.  Further  calculations  exploring  the  effect  of  focal  point  positioning  on  the  excitation  of  resonances 
within  spherical  particles  were  performed.  In  order  to  retain  accuracy  while  using  highly  focused 
beams  (2  w^,  «  A),  an  improved  Gaussian  beam  description  was  developed.  A  paper,  “Fifth-Order 
Corrected  Electromagnetic  Field  Components  for  a  Fundamental  Gaussian  Beam,”  was  submitted 
to  the  Journal  of  .Applied  Physics  and  has  been  accepted  for  publication.  A  copy  of  this  paper 
is  attached.  Recent  results,  presented  at  the  1989  CRDEC  Conference,  have  provided  additional 
insight  into  the  physical  nature  of  spherical  particle  resonances.  This  work  is  being  assembled  into 
a  paper  and  will  be  submitted  as  a  Rapid  Communications  to  Applied  Optics. 

.A.  computer  program  was  developed  that  allows  the  determination  of  internal  and  near-surface 
electromagnetic  fields  for  a  laser  beam  incident  upon  two  adjacent  spherical  particles  of  arbitrary 
positioning.  The  particles  may  have  different  size  and  different  complex  index  of  refraction.  Pre¬ 
liminary  results  were  presented  at  the  1989  CRDEC  Conference.  As  an  example.  Fig.  3  shows  the 
source  function  distribution  for  a  40  pm  waist  diameter  CO2  laser  beam  incident  upon  a  50  pm 
diameter  methanol  droplet  and  a  30  pm  diameter  water  droplet  offset  in  the  y-z  plane.  .A  paper 
on  this  work  will  be  assembled  and  submitted  to  .Applied  Optics. 

Interactions  with  other  scientist  included  a  visit  to  our  research  laboratory  by  Dr.  Richard 
Chang  on  May  5,  1989. 
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Figure  1 
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.  Fluorescence  spectra  of  rhodamine  B  at  different  temperatures  (excitation  wave- 
nm.  concentration  of  rhodamine  B;  5.0E-6  mol  in  water) 
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SURFACE  FORCES 

x-z  plane,  q  =  30.4T6S,  h  =  1.334  +  1.2  X  10~'t 
u-c  =  0.4007,  Xo  =  1.2021,  j/<,  =  0,Zo  =  -2.0035 

(0.5145  /ira  wavelength,  2  waist  diameter  beam  incident  npon  a  4.9912  fim  diameter  water 
droplet  (elec,  wave  res.)  for  droplet  positioning  of  3  /rm  x-axis  displacement  at  an  elevation  of  5 
^m  below  the  focal  point) 

Pmax  =  13.90  [Pa] 


Figure  2 
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3.1 


Normalized  source  function  in  the  equatorial  (y-z)  plane  for  a  transverse  (x  direction)  polarized 
Gaussitin  beam  incident  upon  two  adjacent  spheres,  nj  =  1.395  +  0.0163i,  qj  =  14.82,  Sj  =  1.1"9 
+  0.072i,  Qj  =  8. 89,  tl'o  =  0.8,  =  0.0,  yo  =  1.0,  Zo  =  0.0,  zij  =  0.0,  j/i;  =  -1.0,  5n  =  3.0,  = 

0-0,  yrti  =  -0.5,  Zrtj  =  1.5  [10.6  tim  wavelength  (COj  laser),  40  /tm  waist  diameter  beam  incident 
upon  adjacent  50  diameter  methanol  and  30  ^m  diameter  water  droplets  offset  in  the  y-z  plane] 


Figure  3 
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BRIEF  OUTLINE  OF  RESEARCH  FINDINGS 


During  the  funding  period,  research  wa.s  conducted  on  nonlinear  interaction  of  KrF  laser  in¬ 
teraction  with  solid  aerosols  and  liquid  aerosols.  A  paper  entitled,  ‘"Measurement  of  Hypersonic 
\'elocities  Resulting  from  the  Laser-Induced  Breakdown  of  Aerosols  Using  an  Exciraer  Laser  Imag¬ 
ing  System,”  was  published  in  Review  of  Scientific  Instruments.  A  paper  entitled,  ‘"Interactions  of 
Intense  Ultraviolet  Laser  Radiation  with  Solid  .4erosols,”  is  in  press  and  will  appear  in  the  March 
issue  of  Journal  of  .Applied  Physics.  .4dditiona]  work  on  KrF  A  =  24S  nm  interaction  w.th  liquid 
aerosols  presented  at  the  CRDEC  meeting  in  June  has  been  assembled  into  a  paper  entitled,  ‘"Non¬ 
linear  Interactions  of  KrF  Laser  Radiation  with  Small  Water  Droplets,”  and  has  been  submitted 
to  .Applied  Optics.  Copies  of  these  three  papers  are  attached. 

In  our  experimental  work  laser  imaging  systems  are  used  extensively  for  capturing  the  dynamics 
of  the  laser-particle  interactions.  It  is  important  to  be  able  to  understand  both  the  experimental 
and  theoretical  aspects  of  particles  both  in  and  out  of  focus  in  this  imaging  system.  44e  have 
been  experimentally  and  theoretically  modeling  this  imaging  system.  The  most  recent  work  has 
been  assembled  into  a  paper  entitled,  “Modeling  of  a  Coherent  Imaging  System”  which  has  been 
accepted  for  presentation  at  the  Second  International  Congress  on  Optical  Particle  Sizing,  Tempe, 
.Arizona,  March  5-8,  1990. 

Experimental  work  showing  the  temperature  dependence  of  rhodamine  B  dye  in  water  has 
been  provided  in  the  previous  progress  report.  In  order  to  perform  the  optical  temperature  mea¬ 
surements,  it  is  important  to  understand  how  and  where  the  fluorescence  signal  in  the  drop  is 
measured  by  the  detector.  This  research  also  directly  relates  to  optical  concentration  measure¬ 
ments  in  aerosols.  Figure  1  demonstrates  the  capabilities  of  the  computer  codes  written  to  a  pn'ori 
predict  the  regions  in  the  aerosol  droplet  which  contribute  the  highest  probability  to  the  detected 
signal.  Calculations  are  being  performed  at  various  polarizations  and  view  angles.  Our  research 
extends  the  work  of  Kerker  et  al.  on  “Raman  and  Fluorescent  Scattering  by  Molecules  Embedded 
in  Small  Particles:  Numerical  Results  for  Incoherent  Optical  Processes,”  J.  Opt.  Soc.  .Am.,  68, 
1676-1686,  1978. 

The  Center  for  Electro- Optics  purchased  a  CPM  (colliding  pulse  mode)  femtosecond  laser  (no 
.4RO  funds  involved)  with  bow-tie  amplification.  I  had  extensive  conversations  with  Dr.  Ed  Fry 
with  regards  to  purchasing  versus  building  a  femtosecond  laser  system.  The  femtosecond  laser  will 
be  used  in  performing  .4RO-related  research  in  the  future.  .4s  indicated  in  previous  .4RO  reports, 
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Inelastic  emission  polarized  in  X 


Inelastic  emission  polarized  in  Y 


FIG.  1.  Top  schematic  shows  the  geometry  for  calculations  sho>wi  in  bottom  photographs.  Left 
photograph  shows  matial  location  of  highest  probability  of  signal  reaching  deteaor  for  incite 
emission  polarized  in  X-direction.  Right  photograph  is  for  the  inelastic  emission  polarized  in 
Y-direcnon.  Red  shows  Ac  regions  of  highest  contribution  while  blue  shows  the  least 
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the  17  nsec  pulses  from  our  exdmer  lasers  are  not  fast  enough  for  diagnostic  tools,  especially  at 
ver>-  high  irradlance  such  as  200  GW/cm^.  Nonlinear  effects  at  these  high  irradiance  values  will 
require  picosecond  and  femtosecond  time  resolution. 

More  careful  and  extensive  research  work  is  being  performed  on  the  interaction  of  a  COj  laser 
with  water  aerosols.  One  effort  is  to  extend  previous  work  (Mark  Emanuel  s  M.S.  Thesis)  on  the 
interaction  with  two  adjacent  spheres.  Experimental  work  can  now  be  compared  with  theoretical 
calculations.  .Although  resonances  should  not  appear  for  a  CO2  (-A  =  10.6  /im)  illuminating  a 
60  pm  stream  of  H;0  drops,  experiments  clearly  show’  evidence  of  a  “resonance”  type  behavior. 
Research  is  in  progress  to  quantify  this  observed  behavior. 

Other  theoretical  efforts  within  this  funding  period  included  further  applications  and  develop¬ 
ments  of  our  beam  incident  upon  a  particle  electromagnetic  interaction  theories.  The  beam  on  two 
adjacent  sphere  theory  was  used  to  analyze  the  effect  of  cooperative  scattering  on  far-held  scatter¬ 
ing  patterns.  Systematic  calculations  were  performed  for  a  4  fim  beam  waist  diameter  .A.rgon-ion 
(A  =  0.5145  pm)  laser  beam  incident  upon  two  adjacent  1.8  pm  diameter  water  droplets  (h  =  1.334 
-r  1.2xl0~®i).  The  laser  beam  propagates  in  the  +  2  axis  direction  and  is  linearly  polarized  w-ith 
electric  field  polarization  in  the  x  axis  direction.  One  particle  w-as  fixed  in  location  at  the  focal 
point  of  the  beam  while  the  location  of  the  second  particle  was  varied  and  the  subsequent  effect 
on  the  far-held  scattering  pattern  analyzed.  Figure  2  shows  the  far-held  scattering  pattern  in  the 
x-z  plane  for  the  second  particle  far  removed  from  the  beam  (single  particle  case).  Figure  3  shows 
the  far-held  scattering  pattern  in  the  x-z  plane  for  the  second  particle  positioned  at  a  30"  angle 
(referenced  to  the  -r  z  axis)  in  the  x-z  plane  and  spaced  one  particle  diameter  surface-to-surface 
from  the  focal  point  positioned  particle.  The  effect  of  the  presence  of  the  second  particle  on  the 
far-held  scattering  pattern  can  be  seen  by  comparing  Figs.  2  and  3.  A  paper  based  on  this  work 
entitled  “Theoretical  Determination  of  the  Electromagnetic  Fields  for  a  Laser  Beam  Incident  Lpon 
Two  .Adjacent  Spherical  Particles  of  .A.rbitrary  .A.rrangemenl”  has  been  accepted  for  presentation 
at  the  Second  International  Congress  on  Optical  Particle  Sizing,  Tempe,  .A.rizona,  March  5-8,  1990. 
A  copy  of  this  paper  is  attached. 


The  spherical  particle/arbitrary  beam  interaction  theory  has  been  extended  to  now  allow  so¬ 
lutions  for  an  arbitrary  beam  incident  upon  a  homogeneous  particle  of  arbitrarily-dehned  shape. 
The  approach  appears  to  be  particularly  well-suited  for  near-spherical  particles  where  the  shape 
deviates  from  a  sphere  by  less  than  approximately  ±  0.2  radii.  For  demonstration.  Fig.  4  shows 
the  internal  normalized  source  function  distribution  (S  =  l£|*/£o)  for  a  plane  wave  incident  upon 
a  prolate  spheroid  with  a  =  'i'afXi-t  =  14,  n  =  1.363  -f  3.5xl0~®i  and  b/a  =  0.833  where  a  is 
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FIG  2.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2  far 
removed  from  the  beam  (single  particle  case). 


FIG  3.  Normalized  scattering  intensity  as  a  function  of  angle  in  the  x-z  plane  for  particle  2 
positioned  one  diameter  surface-to-surface  away  from  particle  1  at  an  angle  of  30®.  xjj  =  2.00,  yi2  = 
0.0,  fj2  =  3.46. 


FIG  4.  Internal  normalized  source  function  in  the  y-z  plane  for  a  plane  wave  propagating  in  the 
+  y  axis  direction  with  electric  field  polarization  in  the  x  axis  direction  incident  upon  a  prolate 
spheroid  (a  =  14.0,  n  =  1.363  +  3.5x10"®!,  b/a  =  0.833). 


the  major  axis  radius  and  b  is  the  minor  axis  radius.  The  plane  wave  propagates  in  the  +  y  ax:s 
direction  with  electric  field  polarization  in  the  x  axis  direction.  To  our  knowledge  this  represents 
the  first  internal  field  calculation  for  a  nonspherical  particle. 

The  nonspherical  particle  calculation  approach  permits  beam  as  well  as  plane  wave  solutions 
and  is  not  limited  to  “pure”  geometries.  The  theory  can  be  used,  for  example,  to  investigate  the 
effect  of  slight  nonsphericity  on  resonance  exdtation.  The  arbitrarily  shaped  particle/arbitrary 
beam  interaction  theory  and  subsequent  computer  programs  are  currently  under  final  development 
and  verification  but  a  paper  on  this  work  will  soon  be  assembled  and  submitted  for  publication  to 
the  Journal  of  Applied  Physics. 

A  paper  “Theoretical  Determination  of  the  Radiation  Force  Distribution  for  a  Spherical  Droplet 
Illuminated  by  a  Focused  Laser  Beam”  was  submitted  to  the  Journal  for  Applied  Physics  and  has 
been  accepted  for  publication  with  required  revision.  A  copy  of  the  submitted  form  of  this  paper 
is  attached.  A  paper  previously  submitted  “Simplified  Scattering  Coefficient  Expressions  for  a 
Spherical  Particle  Located  on  the  Propagation  .4xis  of  a  Fifth-order  Gaussian  Beam”  was  accepted 
for  publication  and  published  in  Applied  Physics  Letters  55,  2709  (1989).  A  reprint  of  this  paper 
is  attached.  Two  papers  previously  submitted  and  accepted  for  publication  were  published  during 
this  funding  period:  “Fifth-order  Corrected  Electromagnetic  Field  Components  for  a  Fundamental 
Gaussian  Beam,”  Journal  of  Applied  Physics  QQ,  2800  (1989)  and  “Theoretical  Determination  of 
net  Radiation  Force  and  Torque  for  a  Spherical  Particle  Illuminated  by  a  Focused  Laser  Beam,” 
Journal  of  Applied  Physics  66,  4594  (1989).  Reprints  of  these  two  papers  are  attached. 
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BRIEF  OUTLINE  OF  RESEARCH  FINDINGS 


Experimental  research  on  the  interaction  of  KrF  excimer  laser  radiation  at  A  =  248  nm  with 
thin  metallic  cylinders  continued  during  this  reporting  period.  Results  of  this  work  are  reported 
in  a  M.S.  thesis  by  Gregg  Holtmeler  entitled,  “High  Intensity  Ultraviolet  Laser  Interaction  with  a 
Metallic  Cylinder,”  (copy  enclosed).  A  paper  is  ready  for  submission  to  Journal  of  Applied  Physics 
based  on  Gregg's  thesis.  A  second  paper  will  be  submitted  to  a  metallurgical  journal  reporting 
the  formation  of  Cu  twins  during  the  rapid  cooling  of  the  copper  aerosol  particles.  Apparently  the 
formation  of  twins  by  annealing  processes  is  rare. 

Experimental  work  continues  on  the  excimer  laser  produced  plasmas  in  copper  wire  targets  and 
water  droplets.  Results  indicate  both  have  a  distinct  two-peak  structure.  However,  initiation  of 
broadband  emission  for  copper  starts  at  6.5  ns  of  the  arrival  of  the  laser  pulse  as  compared  to  11  ns 
for  water.  A  paper  on  this  subject  is  near  completion  and  will  be  submitted  to  Journal  of  Applied 
Physics. 

Theoretical  work  continues  on  analyzing  the  signal  obtained  from  the  temperature  dependence 
of  rhodamine  B  dye  in  water  aerosols.  A  computer  code  has  been  written  to  simulate  the  emission 
of  photons  inside  a  drop  from  fluorescence.  Results  are  compared  to  Mie  calculations. 

Research  is  continuing  on  the  theoretical  modeling  of  the  laser  imaging  of  small  aerosols.  A 
paper  entitled  “Theoretical  model  of  the  laser  imaging  of  small  aerosols:  appbcations  to  aerosol 
sizing'"  was  presented  at  the  2nd  International  Congress  on  Optical  Particle  Sizing  and  subsequently 
submitted  for  publication  to  Applied  Optics.  (Copy  attached.)  Modeling  of  off-axis  imaging  is 
proceeding  in  efforts  to  better  understand  previous  experimental  observations  regarding  the  excimer 
laser  interaction  with  water  droplets. 

.\  femtosecond  laser  was  purchased  with  State  of  Nebraska  Research  Initiative  funds.  The 
femtosecond  is  in  operation  producing  20  pjoule  pulses  of  70  femtosecond  pulse  duration.  Future 
experimental  work  will  make  use  of  this  ultra  fast  laser  to  overcome  many  of  the  nanosecond 
diagnostics  limitations. 

Within  this  funding  period,  a  paper  entitled  “Theoretical  determination  of  the  electromagnetic 
fields  for  a  laser  beam  incident  upon  two  adjacent  spherical  particles  of  arbitrary  arrangement,” 
was  presented  and  published  in  the  Proceedings  of  the  2nd  International  Congress  on  Optical 
Particle  Sizing,  March  5-9,  1990,  Tempe,  Arizona.  A  copy  of  this  paper  is  aftached.  Subsequently, 
the  beam  incident  upon  two  adjacent  spherical  particles  theory  was  refined,  additional  calculations 
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were  performed,  and  a  paper  entitled  "Electromagnetic  fields  for  a  beam  incident  upon  two  adjacent 
spherical  particles,”  was  submitted  for  publication  to  Applied  Optics.  A  copy  of  this  submitted 
paper  is  attached. 

The  beam  incident  upon  two  adjacent  spherical  particles  theory  has  important  applications  in 
optical  particle  sizing,  where  the  effect  of  adjacent  particle  interactions  on  far-  field  scattering  is  of 
interest.  The  beam  incident  upon  two  adjacent  ptirticles  theory  can  also  be  used  to  investigate  the 
possibility  of  the  intentional  placement  of  one  particle  so  as  to  "focus”  laser  light  onto  a  second 
adjacent  particle.  Figure  1.  presents  a  false  contrast  visualization  (normalized  source  function, 
5  =  \E\^/Eq.  white  =>  high,  black  =>  low)  of  a  hypothetical  arrangement  consisting  of  two  identical 
spherical  particles  at  resonance.  The  beam  excites  the  resonance  in  the  left-side  particle  which,  in 
turn,  scatters  light  which  excites  the  resonance  in  the  right-side  particle. 

-Additional  theoretical  efforts  included  the  development  of  further  refinements  and  applications 
of  the  beam  incident  upon  an  arbitrarily-shaped  particle  theory.  A  presentation  entitled  "Elec¬ 
tromagnetic  fields  for  a  beam  incident  upon  a  nonspherical  particle,”  was  given  at  the  U.S.  Army 
CRDEC  Scientific  Conference  on  Obscuration  and  Aerosol  Research,  June  25-28,  Aberdeen  Prov¬ 
ing  Ground,  Maryland.  .A  paper  entitled  “Internal  and  near-surface  electromagnetic  fields  for  an 
arbitrarily- shaped  particle  illuminated  by  a  focused  laser  beam,”  is  in  preparation  and  will  be  sub¬ 
mitted  for  publication  to  the  Journal  of  .Applied  Physics  in  the  near  future.  As  a  demonstration  of 
the  beam  incident  upon  an  arbitrarily-shaped  particle  theory.  Fig.  2  shows  the  interna]  normalized 
source  function  distribution  for  a  focused  laser  beam  incident  upon  an  oblate  spheroid.  The  beam 
incident  upon  an  arbitrarily-shaped  particle  theory  has  been  applied  to  investigate  the  effect  of 
nonsphericity  on  the  heating  patterns  within  CO2  laser  heated  water  droplets  and  to  investigate 
the  effect  of  slight  surface  deformities  for  a  spherical  particle  at  resonance. 

Interactions  with  other  scientists  during  this  funding  period  include  discussions  with  Richard 
Chang  (Yale  University),  Steve  Arnold  (Polytechnic  Institute  of  New  York),  Ron  Pinnick  and  Kirk 
Fuller  (.Atmospheric  Sciences  Laboratory)  and  Larry  Liou  (NASA  Lewis). 
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FIG  1.  Normalized  source  function  distribution  in  the  x-z  plane  for  a  focused  beam  incident  upon 
two  adjacent  resonance  particles.  oi  =  03  =  30.-4770,  773  =  ^3  =  1-334  +  1.2xl0-®i,  u>o  =  0.4007, 
io  =  yo  =  0.0,  20  =  -1.165,  e^d  =  90",  Om  =  0",  =  1-0.  233  =  2.2.  =  firej  =  0.0, 

—  1.10.  [0.5145  fim  w’avelength  (argon-ion  laser),  2  pm  waist  diameter  beam  incident  upon  two 
4.9912  pm  diameter  water  droplets  (35*^  mode  electric  wave  resonance).] 


FIG  2.  Internal  normalized  source  function  distribution  in  the  x-z  plane  for  a  focused  laser  beam 
incident  upon  an  oblate  spheroid  (a/b=1.2).  a  =  15,n  =  1.3  +  0.01?, tho  =  0.667, zq  =  0.5,i/o  = 
0.0,  zo  =  O.O,0bdj=  0°,d>6d  =  0°. 


